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Because of environmental issues and national conflicts caused by overuse of 
fossil fuels, there is a need to seek renewable ways to utilize energy. In the transportation 
sector, hydrogen-based polymer electrolyte membrane fuel cells, including proton 
exchange membrane fuel cells (PEMFCs) and anion exchange membrane fuel cells 
(AEMFCs), have been considered as a promising alternative to conventional combustion 
engines. However, the widespread commercialization of both PEMFCs and AEMFCs has 
been hindered by several factors, including cost and performance.  In this thesis, a series 
of topics including electrode fabrication, electrocatalyst development for both PEMFCs 
and AEMFCs, as well as the water dynamics of AEMFCs, will be investigated and 
discussed.  The central theme behind this thesis was to make materials and performance 
advances that would allow the cost of low temperature polymer fuel cells to be reduced.   
In the chapters of this thesis focusing on PEMFCs, an air-assisted cylindrical 
liquid jets spraying (ACLJS) system was developed to prepare high-performance 
catalyst-coated membranes (CCMs). The CCM pore architecture, including size, 
distribution and volume, can be controlled using various flow parameters, and the impact 
of spraying conditions on electrode structure and PEMFC performance was investigated. 
CCMs fabricated in the fiber-type break-up regime by ACLJS achieved very high 
performance during PEMFC testing, with the top-performing cells having a current 
density greater than 1900 mA/cm2 at 0.7 V under H2/O2 flows at 1.5 bar(absolute) pressure 
and 60% gas RH, and 80 °C cell temperature. Additionally, a Ni-rich Pt-Ni alloy was 
	  
vii 
synthesized via a solvothermal method and transformed into a Pt-Ni nanocage (PNC) by 
applying a two-phase corrosion process. During rotating disk electrode (RDE) testing, the 
half-wave potential of the PNC was 30 mV higher than a commercial Pt/C catalyst for the 
oxygen reduction reaction (ORR). The RDE experiments showed that the specific and 
mass activity of the PNC were 2 and 4 times greater, respectively, than the commercial 
Pt/C at 0.9 V. PNC CCMs prepared via ACLJS showed no obvious Pt and Ni dissolution 
and redeposition in the membrane, even after 30,000 cycles. The performance and 
electrochemically active surface area (ECSA) retention of the PNC was far superior to 
commercial Pt/C, and just short of the US Department of Energy (DOE) 2020 targets, 
suggesting that PNC catalysts may be very promising candidates for high-performing 
commercial PEMFCs. 
In the chapters of this thesis focusing on AEMFCs, a B2-type phase Pd-Cu 
catalyst, supported on Vulcan XC-7R carbon, was synthesized via a solvothermal method. 
During RDE testing, the half-wave potential of the Pd-Cu/Vulcan catalyst was 50 mV 
higher compared to that of commercial Pt/C catalyst for the ORR in alkaline media. The 
Pd-Cu/Vulcan catalyst also showed higher in-situ AEMFC performance, with operating 
power densities of 1100 mW/cm2 operating on H2/O2 and 700 mW/cm2 operating on 
H2/Air (CO2-free). Another 2D planar electrocatalyst with CoOx embedded in nitrogen-
doped graphitic carbon (CoOx-N-C) was created through the direct pyrolysis of a metal 
organic complex with a NaCl template. The CoOx-N-C catalyst showed high ORR 
activity, indicated by excellent half-wave (0.84 V vs. RHE) and onset (1.01 V vs. RHE) 
potentials.  This high intrinsic activity was also observed in operating AEMFCs where 
the kinetic current density was 100 mA cm-2 at 0.85 V.  When paired with a radiation-
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grafted ETFE powder ionomer, the CoOx-N-C AEMFC cathode was able to achieve 
extremely high peak power density (1.05 W cm-2) and mass transport limited current (3 A 
cm-2) for a precious metal free electrode. To further improve the mass transport for 
precious metal free cathodes in AEMFCs, cobalt ferrite (CF) nanoparticles supported on 
Vulcan carbon XC-72 (CF-VC) were created through a facile, scalable solvothermal 
method. When used as the cathode in a single cell 5 cm-2 AEMFC, the CF-VC electrode 
was able to achieve a peak power density of 1350 mW cm-2 (iR-corrected: 1660 mW cm-2) 
with a peak current density over 4 A cm-2 operating on H2/O2.  The cell was able to 
achieve a peak power density of 670 mW cm-2 (iR-corrected: 730 mW cm-2) with a mass 
transport limited current density over 2 A cm-2 operating with H2/Air (CO2-free), which is 
among the best performing PM-free catalysts reported in the literature to date in an 
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1.1 Seeking Sustainable Ways to Utilize Energy and Produce Chemicals 
 One of the main challenges facing human beings today is the ever-growing 
demand for energy due to both population growth and the desire for people to improve 
their quality of life.  Although there is no question that the energy landscape in the United 
States is undergoing a metamorphosis towards energy carriers and energy conversion 
processes that possess a reduced anthropogenic carbon footprint, 80% of the energy 
demand of the U.S. is still met through the burning of fossil fuels.  In addition, 
approximately 66% of energy is released as heat, and is consumed without providing any 
energy service, as shown in Figure 1.1.  This combination of relying on fossil fuels and 
their low energy conversion efficiency has resulted in significant air pollution, climate 
change, ocean acidification and national/international conflicts; these have become global 
issues that threaten the quality of human life and our environment.   
 Therefore, lowering total energy consumption and seeking renewable ways to 
utilize energy with high conversion efficiency are important goals, not only for scientific 
research but also industry. In the electricity sector, coal is becoming less and less 
economically attractive and is being replaced largely by natural gas and an ever-
increasing amount by solar and other renewable energy technologies that are becoming 
more economically favorable every day. [1] In the transportation sector, electrification of 
passenger vehicles is expected to have significant growth in the next few decades. Two 
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technologies that could enable this dramatic change are lithium ion batteries and fuel 
cells. For both exciting technologies, technical barriers exist that hinder their worldwide 
commercialization and final replacement of combustion engines. This dissertation will 
focus on improving the performance and reducing the cost of fuel cell technology, with a 
particular interest in low temperature polymer fuel cells.     
 
1.2 Brief History of Polymer Electrolyte Membrane Fuel Cells 
 Since the idea of the first crude fuel cell was demonstrated in 1838 by William 
Grove [2], vast research on catalysts, electrodes, membranes/ionomers, gas diffusion 
layers, bipolar plates and cell stacks has been conducted globally to increase fuel cell 
performance and reduce fuel cell cost, with the ultimate goal of widespread 
commercialization. Fuel cells are electrochemical devices that directly convert the 
chemical energy contained in reactive molecules into electricity.  This is done by 
physically separating the fuel and oxidant and allowing their redox half reactions to occur 
separately.  This physical separation creates a potential difference and current is 
generated as a result of the reactions.  There are various types of fuel cells, including 
solid oxide fuel cells (SOFCs), molten carbonate fuel cells (MCFCs), direct methanol 
fuel cells (DMFCs), and polymer electrolyte membrane fuel cells. Polymer electrolyte 
membrane fuel cells that use hydrogen as their fuel have gained special attention for 
potential automotive application due to their extremely low emissions, low operating 
temperature (safety), higher energy conversion efficiency compared to conventional 
combustion engines, [3] and higher performance output compared to DMFCs.  These fuel 




















 The low temperature polymer electrolyte membrane fuel cells usually have two 
types: the proton exchange membrane fuel cell (PEMFC), which uses protons to transfer 
charge in the electrolyte and the anion exchange membrane fuel cell (AEMFC), which 
uses hydroxide to transfer charge in the electrolyte, as shown in Figure 1.2. For both the 
PEMFC and AEMFC, though the total reaction is H2 reacts with O2 to generate electricity, 
water and heat.  The difference between the PEMFC and AEMFC, from a chemistry 
perspective, is that their half reactions are slightly different. 
 In both fuel cells, the hydrogen oxidation reaction (HOR) is the primary 
electrochemical reaction that takes place on the anode side.  In the PEMFC, the HOR 
proceeds through a fairly simple hydrogen splitting pathway, following Equation 1.1. 
Noble metals such as platinum show the highest activity for the HOR and the greatest 
stability (no corrosion or passivation). The estimated specific exchange current density of 
the HOR for highly active commercial Pt/C in PEMFCs is around 0.3 A cm-2. [5,6] Due 
to the high HOR activity in acidic media, the anode overpotential in an operating PEMFC 
is ca. 150 mV at 1.5 A cm-2 with a platinum loading of 0.05 mgPt cm-2 in the electrode. [6]  
H! → 2H! + 2e!!  (E! = 0.00  V  vs.RHE)                                 (1.1) 
The oxygen reduction reaction (ORR) is the primary electrochemical reaction at 
the fuel cell cathode.  In the PEMFC, the ORR can potentially follow two pathways, 
either follows a 4 e- pathway (Equation 1.2) or a 2 e- pathway (Equation 1.3), depending 
on the catalyst surface and reacting potential. For fuel cell application, the two-electron 
pathway is unwanted as the resulting product, H2O2, will decrease energy conversion 
efficiency and can potentially attack membrane and ionomer, leading to performance 
degradation and system failure. Compared to the HOR, the ORR is very kinetically 
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sluggish, and the ORR is the main reaction that limits performance. The cathode potential 
loss is in the range of 300-400 mV and the exchange current density is around 10-9 A 
cm-2 for commercial Pt/C. [7,8] Therefore, the majority of the PEMFC catalyst research 
has been focused on developing a highly active PGM based ORR catalyst with the goal to 
reduce PGM loading while maintaining performance. 
   O! + 4H! + 4e!! → 2H!O  (E! = 1.23V  vs.RHE)                      (1.2) 
   O! + 2H! + 2e!! → 2H!O!  (E! = 0.67V  vs.RHE)                     (1.3) 
In the AEMFC, the HOR is more complicated, as shown in Equation 1.4.  Here, 
molecular hydrogen reacts with hydroxide anions to produce water.  The hydroxide ions 
are produced by the ORR at the cathode, Equations 1.5 and 1.6, which also consumes 
water. Studies on the HOR in alkaline media have estimated the specific exchange 
current density to be around three orders of magnitude lower than in the acidic 
environment, 0.5*10-3 vs 0.3 A cmPt-2, respectively [5,6]. Because of this, it is often 
misstated in the literature that the HOR overpotential can dominate the ORR 
overpotential in AEMFCs.  However, what these researchers miss is that the ORR on Pt 
in alkaline media is only slightly more favorable than it is in acid, with an exchange 
current density in the range of 10-8 – 10-9 A cmPt-2. By just comparing the exchange 
current densities of the HOR and ORR, it can be easily concluded that the ORR kinetics 
is still the dominant factor that limits and controls AEMFC performance. One interesting 
phenomenon in the AEMFC is that water is generated at the anode, so it will be more 
challenging for water management in AEMFCs than PEMFCs, if anode has the same Pt 
loading with similar CL thickness and porosity. Just taking differences of both anode and 
cathode reactions into consideration, there is a 6 H2O molecule swing between anode and 
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cathode in the AEMFC while there are only 2 H2O molecules difference between anode 
and cathode in the PEMFC. Managing the water dynamics of operating AEMFCs and a 
detailed comparison of water sources and sinks between AEMFC and PEMFC will be 
discussed later, in Section 1.4.4. 
H! + 2OH! → 2H!O+ 2e!!  (E! = 0.00  V  vs.RHE)                   (1.4) 
O! + 2H!O+ 4e!! → 4OH!  (E! = 1.23V  vs.RHE)                    (1.5) 
O! + H!O+ 2e!! → 2OH!  (E! = 0.67V  vs.RHE)                      (1.6) 
 In order for the HOR or ORR occur rapidly in either device, the reacting zone 
needs to be able to transfer charge, H2/O2 and electrons, which requires the co-existence 
of electrolyte, pore volume, ionically conducting ionomer and electronically conductive 
catalyst and catalyst support. This is called the triple-phase boundary (Figure 1.3), which 
exists in the catalyst layers (CLs). Pt particles cannot catalyze electrochemical reaction if 
they don’t form triple-phase boundary with ionomer and pores. The formation of triple-
phase boundary is strongly related to how CLs are created during electrode fabrication. 
Therefore, the structure of the CLs or electrodes could have huge impact on fuel cell 
performance and cell stability.  
 
1.3 Impact of Electrode Structure on PEMFC Performance 
1.3.1 Electrode Fabrication for Proton Exchange Membrane Fuel Cells 
Over the years, significant efforts have been launched to make the PEMFC 
technology cost competitive and to improve cell performance by developing new 





Figure 1.2 Schematic comparison of PEMFCs (left) and AEMFC (right) that are fed with 











Figure 1.3 Simplified schematic diagram of the electrode/electrolyte interface on anode 
side, showing the triple-phase boundary where the electrode particles, electrolyte and gas 

















ment to improve reaction kinetics is not the only factor to consider when creating high-
performance, low cost PEMFC electrodes.   
The fact that electrochemical reactions only take place at the triple-phase 
boundary in electrodes makes the electrode properties critical for achieving high fuel cell 
performance.  Though the electrochemically active area (typically assumed to be the 
triple phase boundary) can be measured by proton adsorption or CO-stripping 
voltammetry, these techniques are not always available in operating cells.  Also, the 
variables that increase the electrochemically active area do not always lead to higher 
performance because they reduce mass transport.  This makes electrode design and 
fabrication complex, and leaves a large design space for researchers to optimize electrode 
properties and obtain better performance. Therefore, finding the optimal method for 
electrode fabrication can be decisive in producing electrodes with high cell performance.  
 The electrode pore structure plays a critical role in determining PEMFC 
performance, and it is a direct result of the application method.  The electrode porosity 
and pore size distribution impact reaction kinetics and mass-transport processes, 
including water management and electron/proton conduction. [13–15] Structural 
optimization can reduce performance losses, particularly at low catalyst loading and high 
current density. [16] In general, the catalyst coated membrane (CCM) method has been 
found to be superior to the gas diffusion layer (GDL) coating process because CCM 
fabrication avoids catalyst particles penetrating into the pore network of the GDL, 
lowering resistance at the interface with the electrolyte for PEMFC application. CCM 
fabrication also typically avoids the need for hot pressing steps during MEA fabrication 
that are more necessary when coating the electrode onto a GDL. [17] For the CCM 
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method, the catalyst ink is directly applied onto a polymer membrane by decal transfer, 
brushing, screen printing, spraying, reactive spray deposition as well as roll-to-roll 
methods. [13,17–21] Among them, spraying is the most widely employed for CCM 
fabrication, [18,22,23] particularly at the lab scale. In this thesis, a lab-level electrode 
fabrication system is created and the influence of spraying parameters on CCM structure 
and performance are investigated in Chapter 2. 
 
1.3.2 Pt-based alloy and de-alloyed Catalysts for the ORR in Acid Media 
One of the main obstacles in the widespread commercialization of PEMFCs is the 
high cost of noble metal-based electrocatalysts. Reducing the amount of noble metals 
used in PEMFCs and finding higher activity catalysts remains a significant issue for fuel 
cell researchers. Platinum group metal catalysts remain the leading choices for the ORR 
and HOR. [24] However, since oxygen reduction is kinetically sluggish and 2-5 nm 
particles are inherently unstable, simple platinum and Pt-alloy nanoparticles may not be 
able to meet the 2020 DOE catalyst stability targets for PEMFCs, [25,26] which aims to 
achieve less than 40% loss in the cathode Pt mass activity over 30,000 voltage cycles.   
 Involving multi-electron transfer steps, the ORR is usually considered to be an 
inner-sphere electron transfer process. Hence, the electrode kinetics strongly depend on 
the free energy of reacting intermediates that are formed during the reaction, which 
further depends on the nature of electrode surface. In order to study the ORR activity on 
different metal surfaces, Norskov and co-workers introduced a method to calculate the 
free energy of reacting intermediates as a function of electrode overpotential using 
DFT. [27] Besides, they showed that electrode overpotential could be directly linked to 
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the proton and electron transfer to adsorbed oxygen or hydroxide on the catalyst surface. 
Therefore, they were able to establish a connection between activity trends in the ORR 
and the calculated oxygen or hydroxyl binding energies on different catalyst surfaces. 
Their model predicts a volcano-shaped relationship between the ORR activity and the 
oxygen binding energy for different metal surfaces, and found that Pt and Pd are the most 
active single metal catalysts for the ORR (Figure 1.4). It can also be interpreted that the 
oxygen binding energy could be potentially further optimized to achieve improved ORR 
activity, even for Pt. Since oxygen or hydroxyl binding on the metal surface was also 
related to the number of the metal’s unpaired electrons, with each oxygen atom requiring 
two unpaired electrons for bond formation, [28] the d-band vacancy/center was 
considered to be an important parameter to determine ORR kinetics and used to establish 
reliable guidelines for designing better electrocatalysts. The other benefit of using the 
metal d-band vacancy/center as a descriptor for ORR activity is that surface-sensitive 
techniques such as low-energy electron diffraction, Auger electron spectroscopy, low-
energy ion scattering and synchrotron-based high-resolution ultra-violet photoemission 
spectroscopy can be used to characterize surface electronic structures and experimentally 
determine the d-band center position (shift), therefore, probe the origin of activity 
improvement. [29] 
In recent years, various approaches have been taken to develop higher activity 
electrocatalysts for the ORR. For example, controlling facets for single crystal Pt 
electrodes via surface atom rearrangement can tune its catalytic performance [30] due to 
the structure sensitivity of the ORR on Pt low-index single-crystal surfaces, [31] as 
oxygen based reacting intermediates tend to bind better on flat surfaces than stepped 
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surfaces. In addition, developing Pt-based bimetallic and trimetallic alloys is said to 
increase ORR activity and stability several times over pure Pt, [32–34] which is attributed 
to a shift in the d-band center of alloy surfaces compared to the base metal. [29] 
More recently, Pt3-M based (M=Co, Cu, Ni, et) nanocages have received 
significant research attention, because nanocages could potentially mimic the Pt-skin 
structure that is formed via alloying Pt with a transition metal, where pure atomic layers 
of Pt were found on the surface of all three Pt3M (hkl) surfaces after annealing. The 
formation of Pt3M surfaces, especially Pt3Ni (111), have a unique benefit of surface 
electronic structure (d-band center position), which has a downshift of d-band center 
compared to pure Pt and, therefore, a weakening of the OHas binding energy. [35] The 
ORR activity of the Pt-skin is not only much higher than pure Pt nanoparticles, but also 
higher than a Pt-skeleton, which is defined as layer of Pt and M atoms in the near-surface 
region in a PtM alloy. [29] Besides, nanocages have a three dimensional open structure 
that exposes reacting sites by reducing the number of unutilized subsurface noble metal 
atoms, thus increasing the metal utilization and mass activity of Pt during ORR. [36–41] 
Therefore, it is expected that Pt-based, nanocage-type electrocatalysts would show high 
ORR mass activity, and controlling their atomic-level structure can precisely and 
effectively tune their catalytic properties to achieve desirable activity and stability. [42] 
One seminal example was demonstrated by Stamenkovic and co-workers using a 
combination of ex-situ and in-situ surface-sensitive probes and DFT calculations. [31] 
Their results showed that the Pt3Ni (111) surface is 10-times more active for the ORR 
than the corresponding Pt (111) surface and 90-times more active than the state-of-the-art 
Pt/C catalysts. More recently, Stamenkovic and coworkers have successfully synthesized 
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the highly active rhombic dodecahedron Pt3Ni nanocages (Figure 1.5) with very good 
durability in ex-situ RDE experiments. They reported that the Pt3Ni nanocage catalysts 
achieved a factor of 22 enhancement in mass activity and a factor over 16 enhancement 
in specific activity in RDE testing relative to a commercial Pt/C catalyst. When a protic 
ionic liquid was integrated into the nanocages, the ionic liquid-encapulated by Pt3Ni 
nanocage catalysts exhibited a factor of 36 enhancement in mass activity and a factor of 
22 enhancement in specific activity relative to Pt/C catalysts. They later reported some 
limited PEMFC data, where their Pt-Ni nanocages showed promising in-situ PEMFC 
performance. [43] However, they did not report durability data in an operating PEMFC or 
post-MEA characterization, which are needed in order to understand how to design next-
generation catalysts and electrodes that exceed the DOE targets of less than 40% loss in 
mass activity over 30,000 cycles with a PGM loading ≤ 0.125 mgPt cm-2.  
Although this study suggested that Pt-based nanocages are promising ORR 
catalysts, their data in an operating PEMFC is very limited and their in-situ activity and 
durability are poorly understood, which are essential to development of high performance, 
ultra-low loading PEMFCs. [44] In this thesis, a PtNi nanocage catalyst (PNC) with a 
structure very similar to Stamenkovic et al. is reported. [45] The activity and durability of 
the PNC in operating PEMFCs, as well as the catalyst degradation impacts on fuel cell 
performance, were systematically studied before and after 30 K accelerated degradation 
cycles. The detailed experiments and discussion are presented in Chapter 3. 
 
1.4 Electrodes and non-Pt Catalysts for AEMFCs 






Figure 1.4 Trends in oxygen reduction activity plotted as a function of the oxygen 
































touted as a possibly much lower cost electrochemical powerplant than PEMFCs. 
AEMFCs have potential advantages compared to proton exchange membrane fuel cells 
(PEMFCs) [47–51] because of their less corrosive environment for the catalyst and 
catalyst support, broadening the choice for catalyst materials as well as more facile 
oxygen reduction kinetics. This can allow for the use of ORR catalysts at the AEMFC 
cathode that are PGM-free, like Ag, [52] or even precious metal (PM)-free and hence less 
costly.  The alkaline AEMFC environment also widens the possible materials chemistries 
throughout the FCEV system, which can allow for the use of more affordable bipolar 
plates and potentially less expensive membranes. [53]  In addition, many of the highest 
performing AEMFCs in the literature have operated at low cathode pressures, meaning 
that the air loop in the balance of plant may be simplified. It is estimated that the fuel cell 
cost can be significantly reduced from $52/kW to around $30/kW based on the average 
cost of 500,000 units if using an AEMFC instead of a PEMFC, which could meet the 
2020 DOE cost target, as pointed out by Yan and co-workers. [53]  
Despite the potential economic advantages of the AEMFC compared to the 
PEMFC, practical cells have only recently been conceivable thanks to significant efforts 
in developing anion-exchange membranes and ionomers with high ionic conductivity 
(IC), high ionic exchange capacity (IEC), high water uptake (WU), high chemical 
stability and high mechanical stability. Despite this, it should be noted that PEMFCs are 
by far the preferred technology from an industrial perspective.  PEMFCs have been 
intensely studied for decades and big vehicle manufacturers have already commercialized 
PEMFC cars, such as the Toyota Mirai, Honda Clarity and Hyundai NEXO. Therefore, 
PEMFCs are in a leading position from a performance perspective, with superior peak 
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power density and stability than AEMFCs.  Therefore, there is a significant performance 
and knowledge gap between those two technologies that must be overcome if AEMFCs 
are ever to find commercial application and supplant PEMFCs.   
In this thesis, AEMFC studies will focus on the development of non-Pt and non-
PGM catalysts for the ORR at cathode. The ORR activity of these materials will not only 
be studied using RDE measurements, the in-situ initial performance and stability will also 
be investigated in 5 cm2 AEMFCs. The catalyst stability will also be studied after 
AEMFC operation. Materials in this thesis will be compared to the state-of-the-art non-
PGM fuel cell performance.  Other areas that remain important for AEMFCs, but are 
outside of the focus of this thesis, are: the development of new membranes and ionomers, 
understanding the effect of CO2 on AEMFC performance, and the design of active water 
management in operating cells.   
 
1.4.1 PGM-free Catalysts for ORR in AEMFCs 
Despite significant effort, developing highly active and durable non-Pt or non-
PGM catalysts for the ORR at the PEMFC and AEMFC cathode remains a challenge. 
[47,50,54,55] Right now, state-of-the-art AEMFC performance and stability are still 
reported using PGM catalysts. [56–59] If cheaper materials are not used as catalysts, 
AEMFCs will not be able to realize its one clear competitive advantage over PEMFCs: 
lower cost. Therefore, it is an urgent task to develop non-PGM catalysts that are highly 
active and durable in operating AEMFCs.  
In AEMFCs, the ORR takes place in alkaline media. According to the Nernst 
equation, the thermodynamic potential of an electrode water-based electrolyte shifts by 
	  
18 
59 mV for every increase of 1 pH unit. Such a shift can change the local double layer 
structure and the electric field at the electrode-electrolyte interface, leading to changes in 
adsorption strengths for charged or even neutral species. [56] Particularly, every increase 
of 1 pH unit equals a weakening of adsorption energy of 0.059 eV for a monovalent 
anion. Since adsorption of spectator ions exists in many electrocatalytic processes and 
could inhibit catalyst activity, especially in aqueous phase during RDE measurements, 
the decreased extent of anion adsorption energy in alkaline media generally indicates 
more facile kinetics than that in acidic media. Moreover, according to Mukerjee and co-
workers, [57] unlike ORR in acidic media (which is an electrocatalytic inner-sphere 
electron transfer process and strongly depends on property of electrode surface), the ORR 
in alkaline media also involves a surface-independent outer-sphere electron transfer step 
in the overall mechanism. As a result, the ORR in alkaline media is less surface-
dependent compared to that in acidic media and provides an opportunity to replace 
expensive and scarce Pt-based electrocatalyst with a class of non-precious metal 
including transition metal oxides, [60] transition metal (oxides) incorporated with 
nitrogen-doped carbon, [61,62] heteroatom doped carbon-transition metal hybrid 
materials [63,64] or even metal-free catalyst. [65] In addition to improved ORR kinetics, 
alkaline electrolytes are less corrosive to non-noble metals than in acidic media, enabling 
their use as ORR catalysts.  
Due to this improvement in kinetics and less corrosive environment in alkaline 
media, a significant amount of research has been done in searching for and optimizing 
non-precious metal catalysts to increase activity and selectivity for the ORR – mostly 
using RDE measurements. As the fact that a lot of the non-precious metal catalysts are 
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generally less active than Pt in each active site, one strategy is to create more active sites 
and increase site density by enhancing the porosity of the material, thus increasing the 
ORR activity. Therefore, various materials that possess high surface area have been 
developed as non-PGM ORR catalyst based on RDE testing. However, high ORR activity 
in RDE test is not the only criterion for excellent catalysts in terms of fuel cell application, 
because a much more complicated mass transport phenomenon exists in an electrode than 
that in a three-electrode cell with aqueous electrolyte. Unlike Pt, the synthesis of these 
materials usually requires high-temperature, which, though high temperature increases 
graphitic content of carbon, can lead to formation of defects and voids on the catalyst 
surface. Additionally, it is very hard for characterization techniques to reveal catalyst 
surface properties. Therefore, a very detailed and complete fundamental understanding of 
the structure-activity relationship in PM-free catalysts is lacking, which is one of the 
issues that inhibits rational improvements in their ORR activity and durability. 
Much of the work in this area has been focused on nonprecious transition metal-
based materials or metal-free nitrogen-carbon catalysts for the ORR in alkaline media, 
including transition metal oxides, [60,66,67] graphitic carbons [65] and metal-carbon 
composites, [62,68,69] among which, transition metal oxides have been considered as 
one of the most promising. However, it is difficult to achieve high intrinsic activity and 
implement them into AEMFCs due to their low electrical conductivity and low active site 
density. To solve this problem, various hybrid materials have been designed. Among 
these, heteroatom-doped carbon materials coupled with transition metal oxides such as 
nickel oxides, cobalt oxides, iron oxides and manganese oxides have been widely 
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accepted as very promising candidates to replace Pt, with several catalysts showing very 
high ORR activity in ex-situ RDE experiments. [61,70–72]  
Unfortunately, to date, high ex-situ activity has not generally been translated in 
the literature into high performance in operating AEMFCs. In fact, the best performing 
AEMFCs in the literature using a PM-free cathode have been able to achieve a kinetic 
current density less than 50 mA cm-2 at 0.85V with peak power density of only 0.70 W 
cm-2 and maximum achievable current density of less than 2.0 A cm-2. [65] 
Accompanying these lower than desired performance metrics is the fact that the in-cell 
stability of PM-free catalysts generally remains unexplored. [65,69] Thus, PM-free 
catalysts are currently not able to compete with PGM-based catalysts in AEMFCs in 
terms of single cell performance (1.5-1.9 W cm-2) and durability (ca. 500 h). [59,73–76] 
PM-free cathode catalysts have also not been able to even come close to meeting the 
2019 U.S. Department of Energy (DOE) targets for performance (>0.6 V at 600 mA cm-2 
on H2/air; maximum pressure of 1.5 atma) or enabling AEMFCs with the target total 
PGM of ≤ 0.125 mgPGM cm-2. [77] The ability to meet these DOE targets in an operating 
fuel cell is not only a function of the intrinsic activity of the catalyst, but also due to the 
accessibility of active sites during operation since mass transport is more complex in fuel 
cell CLs than liquid-based thin film ex-situ RDE experiments.  Therefore, it is important 
to consider the final application in designing the chemistry and structure of new catalysts 
for fuel cell applications.  
New catalyst design has to take anion exchange ionomer properties into account. 
As mentioned in Section 1.2, electrochemical reactions only take place at the triple-phase 
boundary in the catalyst layer. Therefore, it is important to consider how catalyst should 
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be incorporated with the anion exchange ionomer to create an extensive reacting zone 
and promote high fuel cell performance. To date, one of the most promising anion 
exchange ionomers is the Ethylene Tetrafluoroethylene (ETFE) based ionomer developed 
by Varcoe and co-workers, [78] as shown in Figure 1.6. Though this ionomer has high 
ionic conductivity and ion exchange capacity, it also is much bigger in size compared to 
the catalyst itself, which could make it difficult to form an ideal triple-phase boundary. In 
this aspect, the catalyst architecture and catalyst support could play a more important role 
in determining AEMFC performance than ORR activity. To promote the application of 
non-precious metal catalyst for ORR in AEMFCs, new catalyst designs need to be 
developed and ORR performance needs to be examined not only in RDE tests but also in 
fuel cell devices. In this thesis, two types of non-PGM catalysts with different 
morphology and ORR active are developed and examined to be suitable for potential 
AEMFC application. 
 
1.4.2 Metal oxides embedded in nitrogen doped carbon as non-PGM catalyst for AEMFC 
The ORR activity of PM-free MOx-N-C (M-Fe, Co, Mn, Ni, etc.) catalysts is 
generally thought to come from defect-laden active sites [79] where the transition metal 
oxides (MOx), nitrogen (N) and carbon (C) coexist.  The challenge with traditional 
structures, where the transition metal is supported by nitrogen doped carbon (N-C), is that 
the catalysts tend to have very low active site density.  This means that even though an 
individual catalyst active site may have a high turnover frequency, the volumetric 
reaction rate can be quite low.  Low volumetric active site density translates directly into 
thick fuel cell CLs with notoriously poor mass transport properties, which lead to lower 
	  
22 
in-cell performance than desired. [69,80] Therefore, to achieve PM-free catalysts with 
high in-cell AEMFC performance, it is necessary to develop electrocatalysts where their 
morphology may facilitate a higher density of MOx-N-C sites, and facilitate facile bulk 
mass transport. The other challenge with MOx catalysts can be their stability. Catalyst 
degradation could come from detachment of the transition metal oxides from the N-C 
support, essentially rendering the MOx inactive due to electrical isolation. Taking the 
above two factors into consideration, an ideal catalyst structure should not only create 
more defects/active sites between the transition metal and N-C, but also encourage 
physicochemical protection of active sites and maintain catalyst activity.  
Carbon shell embedded nanomaterials have recently attracted strong interest for 
energy conversion and storage applications. [81–84] In this design, a carbon shell is 
deposited onto the active material, providing physicochemical protection, electronic 
conductivity, as well as higher interaction area between the active material and the carbon 
compared to conventional metal oxides supported by nitrogen-doped carbon. This is 
exactly the family of properties that are expected to be advantageous for PM-free 
AEMFC cathodes (as long as the inter-particle pore structure can be controlled to allow 
for facile mass transport). In this thesis, a well-defined 2D planar structured non-PGM 
catalyst will be reported. The ORR activity will be investigated using both RDE 
measurement and in-situ AEMFC testing. The detailed experiments and discussion is 
shown in Chapter 5. 
 
1.4.3 Vulcan carbon supported non-PGM catalyst for AEMFC 





















temperature annealing of a polymeric precursor, [85,86] resulting in highly porous or 
hierarchical structures, but with many active sites buried within the bulk material or pores 
that are unreachable by the ionomer. Such catalysts have often shown very high ex-situ 
ORR activity, [85,86] but one limitation of these materials has been how they are 
implemented into electrodes.  Hence, a majority of non-PGM electrocatalysts have not 
been successfully transitioned to operating AEMFCs due to the inability of researchers to 
create properly structured electrodes with sufficient mass transport, porosity, electronic 
conductivity and catalyst layer (CL) thickness, [69] with a few notable exceptions. 
[65,69,87] Another potential issue with these materials has been their low durability, and 
their likely high production cost is also potentially problematic.  
To address the mass transport limitations inherent to many previous catalysts, 
another class of materials that has been explored is carbon-supported metal oxide 
nanoparticles. [62] The carbon-supported morphology may be advantageous because it 
mimics the structure of commercial Pt/C, which has already been applied successfully in 
AEMFCs. Recently, success has been reported using cobalt and manganese oxides grown 
on a N-doped graphene support, [61] creating covalent coupling between spinel oxide 
nanoparticles and N-doped graphene oxide sheets, which yielded ORR activity that 
outperforms commercial Pt/C in alkaline solutions. However, one of the limitations of the 
graphene approach is that graphene layers are prone to stacking during electrode 
fabrication.  Hence, an expensive, hard-to-scale freeze drying step was needed to form a 
3D porous electrode. [61] Besides, graphene is more expensive than Vulcan, which could 
potentially add cost for. More importantly, Vulcan carbon provides a unique combination 
of high surface area, high electrical conductivity and mesoporous structure, which is 
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beneficial for reducing electron transfer and mass transport resistances when integrated 
into catalyst layers. From these perspectives, creating catalyst particles supported by 
Vulcan carbon is preferred to graphene for fuel cell application.  
In this thesis, a highly active non-PGM catalyst was created at very low 
temperature through the solvothermal synthesis of cobalt ferrite nanoparticles supported 
by Vulcan carbon (CF-VC), which is an easily scalable approach. CF particles were 
targeted because it is believed that their magnetic nature would facilitate the magneto 
hydrodynamic movement of the reactants, resulting in high ORR activity. [88] The 
detailed experiments and discussion is shown in Chapter 6. 
 
1.4.4 Impacts of Electrode Design and Operating Conditions on AEMFC Performance 
 Over the last decade, significant advances in the performance of AEMFCs has 
been achieved in terms of peak power density and maximum current density as 
demonstrated in a review paper by Dekel. [89] Much of this progress has been made 
through electrolyte development and better understanding of AEMFC water dynamics. 
However, one big AEMFC challenge that remains is cell stability. As shown in Figure 
1.7, the stability of state-of-the-art cells remains low. The challenge in achieving long-
term operation comes from multiple aspects, such as development of a robust ionomer 
and membrane with high ion exchange capacity (IEC) and ionic conductivity (IC), the 
design of advanced electrodes, proper operating conditions, and water management. 
The electrode properties, including CL composition and hydrophobicity, and gas 
diffusion layer (GDL) hydrophobicity will impact the total cell water and water 
distribution of AEMFC, thus the cell performance. In addition to the electrode properties, 
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Omasta and co-workers [58,59] found that the AEMFC peak power density and 
maximum current density are extremely sensitive to operating conditions such as dew 
points of both the anode and cathode. They used AEMFC experiments coupled with 
operando neutron imaging to study the water distribution across the anode, membrane 
and cathode. Their findings indicated that anode flooding was the main issue limiting 
AEMFC performance. To mitigate anode flooding, an optimized anode was developed 
and was able to achieve a peak power density of 1.9 W cm-2, which ranked as the highest 
reported initial peak power density at that time. [59] Other operating conditions, such as 
back-pressure, flow rate, and cell temperature are less intensively investigated, but could 
be speculated to significantly impact AEMFC performance as well. The knowledge and 
experience about the impact of electrode composition and operating condition gained 
during the development of PEMFCs cannot be applied directly to AEMFC, as the 
electrolyte chemistry and cell dynamics, and hence water sinks and sources, are different, 
as shown by Equation 1.1 – Equation 1.6. 
The water sources and sinks for an operating AEMFC are shown in Figure 1.8. As 
discussed in Section 1.2, one O2 reacts with two H2O to produce four OH- at the cathode.  
The OH- anions transfer through the AEM and react with two H2 to generate four H2O at 
the anode. As OH- moves through AEM, water moves with it by electro-osmotic drag, 
and it has been estimated that each OH- that moves by migration from the cathode to the 
anode will carry 2-8 H2O with it, with the number of water molecules depending on the 
hydration level of the membrane, [90] cell current density and cell temperature. In the 
PEMFC, two H2 breaks bond to form four H+, which transfer through the PEM to react 
with one O2 to produce two H2O on cathode. The electro-osmotic drag will bring 1-2 H2O 
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molecules per H+ from anode to cathode in PEMFC. Thus, the amount of water generated 
on anode of the AEMFC is at least two times more than the amount of water generated on 
cathode of PEMFC at the same current density. While anode generates a lot of H2O, H2O 
is consumed on cathode, leaving the cathode more susceptible to dry out in AEMFC. It is 
generally accepted that the reacting zone in the CLs is close to the membrane. Therefore, 
the H2O provided in the O2/air stream may not be sufficient due to a significant mass 
transport barrier created by GDL and cathode CL. In order to compensate for the H2O 
consumed by the ORR and electro-osmatic drag on cathode, H2O back diffusion from 
anode to cathode is important to support high-performing AEMFCs. Therefore, AEMs 
with high water uptake is considered to be beneficial for achieving high cell performance.   
In general, the effect brought by anode flooding is less of a concern than that of cathode 
drying out, as flooding can be released via removing water, while drying out, on the other 
hand, can lead to degradation of both ionomer and AEM and irreversible loss of cell 
performance. The hydration level of the ionomer and AEM significantly affect their 
alkaline stability. The hydroxide ion’s affinity for nucleophilic attack is more favorable 
under drier conditions as predicated via Density functional theory (DFT) calculation, [91] 
which was also corroborated via experimental work. [92] If the membrane is exposed to 
dry conditions for long time, the loss of functional groups will lead to a change of IEC, 
IC and WU, which will decrease membrane water back diffusion rate and make the 
cathode more vulnerable to further dry out and degradation. Therefore, it is extremely 
important to keep both the AEM and AEI hydrated. Considering both anode flooding and 
cathode drying out, the basic idea to achieve long-term of AEMFC is to provide enough 
water to both the ionomer and membrane without flooding the CLs. To this end, AEMs 
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with high IEC and IC have been developed. [73,93,94] Usually, higher IEC and IC 
indicates that AEMs will retain more water and AEMFCs fabricated with such AEMs 
will achieve higher current density. Taking these factors into consideration, the current 
electrode composition may not be sufficient and more advanced electrodes need to be 












Figure 1.7 AEMFC stability reported in the literature for H2-AEMFC: (a) relative voltage 
decay of cells operated at constant current density, and (b) relative current density (left 
axis, red) and relative power density (right axis, black) decays of cells operated at 































FABRICATION OF CATALYST-COATED MEMBRANES WITH AN AIR-
ASSISTED CYLINDRICAL LIQUID JETS SPRAYING SYSTEM FOR PROTON 
EXCHANGE MEMBRANE FUEL CELLS (PEMFCs) 
 
2.1 Introduction 
The objective of this work is to investigate the influence of spraying parameters 
on CCM structure and performance, with a particular focus on the ACLJS system 
because of its ability to produce very high performance CCMs at low cost. In the ACLJS 
system, a colloidal ink is stripped from a nozzle by a high-speed annular gas flow, 
resulting in ink atomization.  There are three distinct atomization regimes: Rayleigh-type 
breakup, membrane-type breakup and fiber-type breakup for coaxial air-liquid jets. [96] 
In this study, typical breakups of liquid were controlled by adjusting flow velocities of 
the gas and colloidal ink, and CCMs were prepared under all three atomization regimes: 
CCM-Ra, CCM-Me, and CCM-Fi for the Rayleigh-type breakup, membrane-type 
breakup and fiber-type breakup, respectively. The CCMs were analyzed by scanning 
electron microscopy (SEM) to assess surface morphology, as well as cross-section 
thickness and porosity. The CCM pore-size distributions were determined by mercury-
intrusion porosimetry. The performance of these CCMs was tested in 25 cm2 PEMFCs 
with standard protocols and their resistance during PEMFC testing was studied by 
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electrochemical impedance spectroscopy (EIS). This work was published in Journal of 
The Electrochemical Society. [97] 
2.2 Experimental section 
2.2.1 Materials and catalyst layer deposition 
The following is the recipe for a typical Pt/C ink preparation. First, a solvent 
mixture was prepared by adding 5.5 g of isopropanol to 3 g 18 MΩ DI water in a 10 mL 
Teflon vial, followed by a 5 min sonication. Next, 30 mg Pt/C (50wt%, BASF) catalyst 
was added to a secondary 10 mL Teflon vial. The mixed solvent was transferred to the 
catalyst vial drop-by-drop by using a pipette, after which the mixture was sonicated for 
10 min. Then, 180 mg of 5 wt% DE520 Nafion ionomer solution was added. The Teflon 
vial containing the catalyst ink was then transferred to an ultrasonicator (Fisher FS60) 
and sonicated for at least 60 min in an ice bath.  
        Schematics and pictures of the ACLJS are shown in Figures 2.1 a-d. The catalyst ink 
was dispensed from a syringe using a NE-1000 programmable syringe pump at a 
controlled rate, which then traversed through a Teflon tube (black line in Figure 2.1a) 
into the cylindrical jet, which was fed by a nitrogen cylinder. The liquid ink is mobilized 
by the fast-moving nitrogen gas stream when exiting the liquid flow nozzle, helping to 
form a wide distribution of fragment sizes. [98] The fragment structure of the ink carried 
from the nozzle to the substrate was set by the flow rates of the ink and carrier gas. The 
flow rates directly impact several dimensionless transport parameters, which are detailed 
in the supporting information, Equations 2.1-2.6. [99]  The type of ink breakup during 
transport from the nozzle to the substrate is typically controlled by the Weber number; 
WeR: Rayleigh-type breakup (15<WeR<25), membrane-type breakup (25<WeR<70) and 
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fiber-type breakup (100< WeR<500). [96] The gas velocity and related dimensionless 
numbers are shown in Table 2.1.  The microporous electrode architecture is formed when 
the atomized liquid fragments experience a sudden evaporation as they approach the 
heated substrate and make contact with the membrane.  Such architecture helps water 
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: the gas density (kg/m3); 
: the ink density (kg/m3); 
: the ink velocity (m/s) 
: the gas velocity (m/s) 
: the gas dynamic viscosity = 0.0000175 kg/ms; 
: the area of the liquid flow outlet = 2.0 mm2; 
: the area of the gas flow outlet = 8.5 mm2;  
: the Weber number defining the ratio between the aerodynamic deformation 
pressure force exerted on the ink and the restoring surface tension forces; 
: characterizes the total flow (gas + liquid) in the jet[100].  
 
Table 2.1 Gas velocity and non-dimensional number at three different spraying 
conditions 
 UL (m/s) (m/s)    
Rayleigh-type 
breakup 
0.00091 29.4 1372911 7872 22 
      
Membrane-
type breakup 
0.0012 41.2 1548631 11021 43 
      
Fiber-type 
breakup 






















































The jet nozzle is moveable in two perpendicular directions that are parallel to the 
substrate surface. Each nozzle is controlled by an independent motor, enabling the 
fabrication of a uniform film (Figure 2.2a). By simply changing the moving distance of 
the nozzle in both perpendicular directions, a much larger active area CCM can be 
sprayed – up to 600 cm2 – in this reported configuration.  The spraying pattern, shown in 
Figure 2.2b, was controlled with a MD2xp Motor Control System. The CCM substrate, a 
Nafion-212 membrane, was fixed by a vacuum pump onto the heated aluminum substrate, 
which helped to avoid swelling and deformation of the Nafion membrane in the presence 
of the liquid isopropanol and water in the ink. The ACJLS system allows for precisely 
controlled electrode deposition thickness, which is essential to developing ultra-low 
electrocatalyst loading PEMFCs. [101] 
 
2.2.2 Physical characterization 
The CCM surface morphology and cross-section were imaged using a FEI Quanta 
FEG 250 scanning electron microscope (SEM). Energy-dispersive X-ray spectroscopy 
(EDS) (TEAMTM EDS Analysis System) was used to estimate the elemental distribution 
in the CCM. The pore size distribution of the CCMs were determined by mercury 
intrusion porosimetry (MIP) using a Micromeritics AutoPore IV 9500. 
 
2.2.3 CCM testing in operating PEMFCs 
The CCMs were loaded into fuel cell hardware with 25 cm2 active area, triple-
pass serpentine flow fields on the cathode side and double-pass serpentine flow fields on 
the anode side. Sigracet 25 BC was used as the GDL. The average thickness of the CCM 
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was 60 µm, the total thickness of the Teflon gaskets was 305 µm, and the total GDL 
thickness was 470 µm, which led to a pinch of 175 µm, corresponding to about 33% of 
the total MEA thickness. The cell was humidified for three hours with H2/N2 at 0.2 L/min 
for the anode and cathode side at ambient pressure and activated overnight at 0.55 V with 
H2/O2 fed to the cell at anode and cathode stoichiometries of 2. The performance was 
tested under H2/O2 flow with stoichiometry of 2 and also under H2/Air flow with 
stoichiometry of 1.5/2 and a gas pressure of 150 kpa(absolute) on both sides.  The cell 
temperature was 80 °C and the anode and cathode dew points were 75 °C and 73 °C, 
respectively (81%/75% relative humidity).  
 
2.2.4 Electrochemical Impedance Spectroscopy (EIS) 
The cell impedance was determined using a Scribner Associates Model 890B unit 
with a Solartron Frequency Analyzer at three different current densities, 0.05, 0.5 and 1.5 
A/cm2, representing the kinetic, Ohmic and mass transport regions of a PEMFC 
polarization curve. The EIS frequency range was 10 kHz-0.1 Hz. The impedance was 
measured in a galvanostatic mode by applying an AC current perturbation to the cell and 
measuring its voltage response. The amplitude of the AC current was constantly 
maintained at 5% of the DC current.  
 
2.3 Results and discussion 
2.3.1 Physical characterization 
Cross-section micrographs for CCMs produced with all three types of breakup are 
shown in Figure 2.3. All catalyst layers (CLs) were well adhered to the Nafion 212 
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membrane, which helped reduce contact resistance. Droplet diameters that vary in orders 
of magnitude are produced in three different break-ups. In Rayleigh-type breakup, liquid 
drops are produced with diameter of the order of the jet diameter, while in membrane-
type breakup, thin liquid sheets are developed that break into droplets of much smaller 
diameter than in Rayleigh-type breakup. [96] In fiber-type breakup, thin liquid fibers that 
peel off the jet are formed and break into ligaments downstream, which results in a 
complete atomization of the liquid ink. [96]  
Therefore, driven by smaller droplet size and rapid solvent evaporation, CCM-Fi 
and CCM-Me showed a more porous structure and slight increase in average thickness 
than CCM-Ra due to higher total pore volume. In Figure 2.4, the images at lower 
magnification show the increased macro and meso porosity for CCM-Fi compared with 
CCM-Me and CCM-Ra.  At higher magnification, CCM-Ra appears to be the densest 
while and CCM-Fi and CCM-Me look similar.  Combining the SEM information at both 
magnifications, it appears that CCM-Fi should have the most meso and micro porosity, 
correlating well with the MIP results shown below. All CCMs had enough large pores to 
allow for continuous supply of reactants. CCM-Ra showed a denser surface than CCM-
Me and CCM-Fi, indicating a shorter distance between carbon agglomerates, which led to 
a larger mass transport resistance and more difficult water management.  
Previous studies suggested that a bimodal pore size distribution with primary 
pores (3-10 nm) inside agglomerates and secondary pores (10-50 nm) between 
agglomerates in the mesoporous region are able to maximize gas reactant as well as 
proton and water transport. [102,102,103] CCMs prepared by ACLJS also presented a 






































Figure 2.4 (a) Specific pore size distribution for CCM-Ra, CCM-Me and CCM-Fi; (b) 


















The catalyst layer architecture is supported mainly by carbon. The carbon 
particles tend to agglomerate in the colloidal ink if they are able to make contact with 
each other, which inhibits the formation of bimodal pore structure if the deposition ink is 
not fully atomized. Because of this effect, CCM-Fi showed a wider distribution (3-10 nm) 
than CCM-Me and CCM-Ra (5-10 nm) and also a larger primary pore peak. CCM-Fi had 
extended secondary pores (10-100 nm) and a greater number of pores than CCM-Me and 
CCM-Ra in this range, which was due to improved atomization of catalyst ink during the 
spraying process. Therefore, CCM-Fi had a higher total pore volume than both CCM-Ra 
and CCM-Me, Figure 2.5b.  CCM-Ra had lower pore volume relative to CCM-Me and 
CCM-Fi, which correlated well with the denser structure observed in Figure 2.4 caused 
by reduced distance between carbon agglomerates. Therefore, the microporous 
architecture of a CCM is a strong function of the ACLJS parameters, and it possible that 
the parameters can be tailored for a wide range of catalysts and substrates in order to 
achieve structures that are beneficial for mass transfer, increase the cell electrochemically 
active surface area and reducing electrode flooding. 
SEM images of the cathode CL surface and cross-section of a CCM produced in 
the Fiber-type breakup regime are shown in Figure 2.6a-d. Platinum nanoparticles 
appeared as bright dots and were distributed evenly throughout the CLs (Figure 2.6a), 
which is good for the formation of the triple-phase boundary. [17] The CL exhibited a 
very porous architecture and homogeneous agglomeration of carbon particles (Figures 
2.6b and 2.6c) and did not show obvious cracks or mud-like morphologies that have been 
typically observed in previous CCM fabrication methods such as decal transfer and 
screen printing. [104,105] The CL had a thickness of around 5 micrometers (Figure 2.6d) 
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after 81 passes, which took approximately 30 min. The CL surface was also characterized 
by EDS and elemental mapping (Figures 2.6e and 2.6f), from which the platinum showed 
a uniform distribution throughout the entirety of the studied area. 
 
2.3.2 PEMFC performance and EIS study 
At least 3 CCMs of each flow type were prepared, and the results in all cases were 
reproducible-both in terms of fuel cell performance and pore structure obtained by MIP. 
To simplify the data presentation, representative results for a single CCM each flow 
regime is presented. Figure 2.7a shows the H2/O2 polarization curves of the CCMs 
prepared at different conditions by the ACLJS system. All of the CCMs had 
approximately the same catalyst loading (0.3 mgPt/cm2) with the same ionomer to carbon 
ratio (3:5). The ORR kinetic region is shown in the inset of Figure 2.7a. CCM-Fi had the 
best observed ORR kinetics probably due to improved formation of the triple-phase 
boundary during CCM fabrication, which also corresponded to the lowest Rct compared 
with the other two CCMs (Figure 2.8).  In the H2/O2 polarization curves, the slope at 
intermediate and high current densities remained constant, indicating no significant mass 
transport loss within the measured current ranges. In the Ohmic region of the polarization 
curve, the slope of CCM-Fi was smaller than CCM-Me and CCM-Ra, implying a lower 
Ohmic resistance. When air was applied at the cathode (Figure 2.7b), mass transport 
became a very important distinguishing factor, particularly at high current densities. 
CCM-Fi showed by far the best performance compared with the other two CCMs when 
the cell was operated in H2/Air, indicating that PEMFC performance can be efficiently 




Figure 2.5 (a)-(d) surface and cross-section images of Pt/C CCMs prepared by air-
assisted cylindrical liquid jet spraying system; (e) Pt elemental-mapping of the CL 












Figure 2.6 PEMFC performance of three CCMs at 80 °C, 150 Kpa operating with (a) 



















Figure 2.7 The AC impedance spectra at three current densities: 50 mA/cm2, 500 mA/cm2 
and 1500 mA/cm2 for (a) CCM-Ra; (b) CCM-Me; (c) CCM-Fi; (d) plot of resistances 



























The Nyquist plots for PEMFCs with the three CCM types at three typical current 
densities are shown in Figures 2.8a-c. Pure hydrogen was fed to the anode to minimize 
anode polarization and the anode impedance was neglected in the analysis [106]. The 
equivalent circuits used to interpret the impedance results at low and high current density 
are shown in Figure 2.9. [107,108] The Nyquist plot at 50 mA/cm2 was a single 
semicircle loop, indicating that the oxygen reduction reaction kinetics dominated the 
electrode behavior at this current density. [106] At higher current densities, a distortion of 
the kinetic loop was observed, resulting in two semicircles. The intermediate frequency 
semicircle represents the kinetic charge transfer resistance (Rct) due to the oxygen 
reduction reaction within the CL [109] and the arc observed at low frequency represents 
the mass transport resistance (Rmt).  The total Ohmic resistance (RΩ) was determined by 
the EIS high frequency intercept, which is comprised of the contact resistance and Ohmic 
resistance in the cell components. [110] 
In all cases, the charge transfer arc decreased while the mass transfer resistance 
increased as the current density was increased from 500 mA/cm2 to 1500 mA/cm2, which 
showed the transition from kinetic to mass transport control. As the total pore volume 
increased from 0.08 mL/g to 0.24 mL/g, RΩ experienced a slight decrease while the Rmt 
and Rct decreased by 66.7% and 45.6%, respectively (Figure 2.8d). The primary reason 
for this behavior is that a more porous CL helped to reduce the resistance for H2/O2 to 
diffuse to reaction sites and also reduce the resistance for the produced H2O to move 
away from the CL.  Increased CL porosity also decreases the impact of flooding in the 
CL on gas transfer and proton mobility and thus lowers both Rmt and Rct. Therefore, 
CCM-Fi showed the highest performance because the fiber-type breakup yielded the 
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highest total pore volume, which increases the contact area of gas reactants to active sites 
and thus increases current density at the same cell voltage.  CCM-Fi also possessed an 
extended bimodal pore size distribution, which reduced mass transfer resistance and 
electrode flooding. The CCM-Fi prepared by ACLJS in this work showed better 
performance than other systems in the literature using the same Platinum/Vulcan 
electrocatalyst despite having significantly lower catalyst loading. [105,111–113]  The 
comparison of this work to the literature will be expanded in Section 2.3.4.   
 
2.3.3 The effect of fuel and oxidant relative humidity on the performance of the Fiber 
type breakup CCMs.  
Relative humidity (RH) has been reported to have a significant impact on PEMFC 
performance and oxygen reduction kinetics. [114–117] The sensitivity of CCM-Fi to inlet 
gas relative humidity was investigated. The cell was tested under H2/O2 flow with 
stoichiometry of 2 at 150 kpa(absolute). As the RH was reduced from 81% to 53%, the cell 
performance showed a volcano-type behavior. This observation results from a tradeoff: 
high relative humidity leads to catalyst layer flooding, while low relative humidity brings 
about membrane drying out and increases Ohmic resistance. CCM-Fi attained the highest 
performance at 60% RH for the both anode and cathode, implying the cell prefers a low 
humidification operating condition because of its high performance and internal water 
production and back diffusion.  Low RH operation is ideal for portable power 
applications, including transportation, due to the obviation of saturating the reactant gases. 
[118] It was found that the performance of CCMs prepared by the air-assisted cylindrical 
jet spray system was more sensitive to fuel RH (Figure 2.10a) than to oxidant RH when 
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the cell was operated at high current density (Figure 2.10), which was logical from a 
water management point of view. A significant amount of water is dragged from the 
anode to the cathode, in addition to being produced at the cathode, meaning that there is 
always significant water at the cathode.  Thus, the anode and membrane are prone to 
drying out when the cell is operated at high current densities. However, the oxygen 
humidification did have an impact on the electrode kinetics, which is shown in the inset 
of Figure 2.10, probably due to a direct influence on proton and water activity at the 
cathode side. [116] This preference of low humidity might also be a result of the low 
loading, thin catalyst layer in this work. 
 
2.3.4 Comparison of ACLJS spraying to other PEMFC electrode fabrication methods 
 Though many techniques have been reported by various groups for the fabrication 
of PEMFC electrodes, there still does not exist a standard technique that is commonly 
used (even at the lab scale) to produce CCMs or gas diffusion electrodes.  Because a 
common technique is lacking, it is very difficult to compare results across laboratories 
throughout the literature.  What is needed is a low cost method that is relatively simple to 
operate that can produce high-performing CCMs and/or GDEs.  Based on the high 
performance of the CCMs produced in this work, the understanding the influence of 
spray parameters on CCM structure reported here, and the low cost of the lab scale-
ACLJS (~$4000 USD, supporting information), the ACLJS makes a compelling case to 
become such a standard CCM fabrication approach.   
A comparison of the CCM-Fi ACLJS electrodes to electrodes recently produced 




Figure 2.8 The equivalent circuit of PEMFC for ORR (a) at low current density; (b) at 
































Figure 2.9 (a) PEMFC performance with changing cathode relative humidity; the anode 
relative humidity was held constant at 60%; (b) Performance versus anode relative 
















excellent performance in terms of both current densities at 0.7 V and peak power density, 
with 1.9 A/cm2 and 1.33 W/cm2, respectively. The ACLJS method also shows very high 
performance with regard to peak power when normalized to the Pt mass (4.43 W/mgPt), 
though lower than reactive spray deposition technology (RSDT), direct membrane 
deposition (DMD) method and electrospray method. [119–121] However, it should be 
noted that RSDT is very expensive to implement on the laboratory scale (~$150,000 USD) 
and has a significant number of adjustable parameters, which may limit its widespread 
application.  By comparison, the ACLJS is a fairly economic process, where only a small 
amount of electricity and nitrogen gas are consumed. DMD has the potential issue of high 
gas crossover rates; in order to avoid that problem, an extra gasket has to be used, which 
reduces the active cell area. Electrospraying has shown a very high mass-normalized 
performance at low Pt loading (around 70 W/mgPt); however, the peak power density was 
low - only 0.7 W/cm2 for 5 cm2 cell active area. Additionally, the electrospraying rate 
was only 0.2 ml h-1, which may limit the active area size that can be created as well as 
possible ink phase separation from catalyst settling during deposition.  Another 
comparable technique in terms of performance is chemical vapor deposition (CVD) with 
a Pt normalized peak power density of 4.3 W/mgPt. However, the main problem for the 
CVD technique is low throughput combined with high cost. Also, the CVD-derived 
electrodes had a lower areal performance than the ACLJS.  It should also be noted that 
the CVD technique used carbon nanotube as catalyst supported and the cell active area 
was only 5 cm2. Overall, Table 2.2 shows that the ACLJS is a very promising method for 




Table 2.2 Comparison of currently representative low Pt loading PEMFC electrodes 
fabrication methods 
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A low cost CCM preparation method – air-assisted cylindrical liquid jet spray 
system – was developed and the CCMs prepared by the ACLJS method showed high 
performance during the PEMFC testing. Mercury intrusion porosimetry showed that the 
total pore volume of the CCM varied greatly at different spraying conditions. When 
tested by EIS and PEMFC polarization, the CCM with highest total pore volume had the 
best mass transport and least charge transfer resistance at high current density. Based on 
the CCM-Fi prepared by the ACLJS method, it is also found that the fuel relative 
humidity had a greater impact on PEMFC performance than oxidant relative humidity, 


















ACTIVITY AND DURABILITY OF PT-NI NANOCAGE ELECTROCATALYSTS 
IN PEMFCs 
3.1 Introduction 
Although these studies suggest that Pt-based nanocages are promising ORR 
catalysts, their data in an operating PEMFC is very limited and their in-situ activity and 
durability are poorly understood, which are essential to development of high performance, 
ultra-low loading PEMFCs. [44] In this work, we first synthesized a Ni-rich Pt-Ni solid 
alloy using a modified solvent thermal synthesis method [33] and obtained Pt-Ni 
nanocages by applying a modified two-phase chemical corrosion method[38]. The 
activity and durability of the PNC in operating PEMFCs, as well as the catalyst 
degradation impacts on fuel cell performance were systematically studied before and 
after 30 K accelerated degradation cycles, which was essential to meet the 2020 DOE 
electrocatalyst targets for automotive PEM fuel cells. [129] This work was published in 
the journal of Applied Catalysis B: Environmental. [130] 
 
3.2. Experimental section  
3.2.1 Chemicals:  
Platinum(II) acetylacetonate (98%,Fisher), Nickel(II)-acetylacetonate 
(96%,Fisher), Ethylenediamine Tetraacetic Acid (Certified ACS), Disodium Salt 
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Dihydrate (Certified, Fisher), PolyvinylPyrrolidone (Ave. F.W. 40,000, Fisher), 
Oleylamine (70%,Aldrich), Benzyl Alcohol (Certified, Fisher), Aniline (100% w/v, 
Fisher), Ethanol (Histological grade, Fisher), 2-Propanol (Optima,Fisher), Toluene 
(99.8%,Alfa Aesar), Cyclohexane (HPLC Grade, Fisher), Nafion ionomer dispersion (5% 
wt,DuPont), Perchloric acid (70% GFS), Gas diffusion layer (GDL Sigracet 25BC), Pt/C 
catalyst (50%, TKK, Japan), NafionTM Membrane NR-212 (Ion Power). 
 
3.2.2 Catalyst preparation 
In a typical synthesis of the Pt-Ni alloy, 400 mg of PVP was dissolved into 25 mL 
Benzyl alcohol and the mixture was sonicated for 10 minutes. 70 mg Pt(acac)2, 60 mg 
Ni(acac)2 and 7 µL aniline were added into the transparent mixture followed by a 10-
minute sonication and stirring. The resulting homogenous solution was transferred to a 50 
mL Teflon-lined autoclave. After an overnight heating at 170 °C, the autoclave was 
cooled down to room temperature with cold tap water. The resulting Pt-Ni alloy was 
washed with an ethanol-acetone (1:1 in volume) mixture three times and separated from 
the liquid phase via centrifugation at 8000 RPM. The Pt-Ni alloy was then dispersed into 
a mixture of 45 mL ethanol and 15 mL oleylamine followed by reflux with vigorous 
stirring in nitrogen atmosphere at 200 °C for 5 hours. The oleylamine-capped Pt-Ni alloy 
was washed with an ethanol-toluene (1:1 in volume) mixture three times and precipitated 
via centrifugation at 8000 RPM. Then, the alloy was re-dispersed into 15 mL of toluene 
in a vial to which 21 µL of oleylamine was added. The dispersion was split into two 
equal-volume samples. Each sample was transferred into a separate 50 ml Teflon-lined 
autoclave constituting the upper oil phase; whereas a bottom aqueous phase was prepared 
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by a solution of 10 ml DI water and 80 mg EDTA2Na. The autoclaves were well sealed 
and kept at 110 °C for 12 hours and cooled down to room temperature. The resulting 
PNC were washed with an ethanol-cyclohexane (1:1 in volume) mixture three times. One 
typical synthesis can yield around 25 mg of the Pt-Ni nanocages (12.5 mg in each 
autoclave). Finally, the 25 mg of nanocages were dispersed in 20 mL ethanol for 
characterization and electrochemical measurements. 
 
3.2.3 CCM preparation 
25 mg of Vulcan carbon (XC-72) was added into the ethanol-dispersed PNC, 
making a 50ωt% Pt-Ni cage/Vulcan (PNC) catalyst. The mixture was sonicated and 
separated via centrifugation at 8000 RPM. The PNC catalyst was vacuum dried at 70 °C 
for 5 hours, followed by thermal annealing at 300 °C for 3 hours under flowing hydrogen 
atmosphere. The CCM was fabricated by preparing an ink of 13 mg of PNC supported by 
Vulcan carbon and 10ml IPA with 160 mg Nafion dispersion through a home-made air-
assisted cylindrical liquid jets spraying system that were introduced in Chapter 2. The 
CCM fabrication method and conditions are detailed in the supporting information. 
[14,96]  
 
3.2.4 Physical Characterization 
  X-ray diffraction (XRD) of the carbon-supported catalyst was performed using a 
Bruker XRD advance D8 on a quartz sample holder. Data was collected from 30° to 90°. 
CCM surface morphology and cross-section were imaged by a FEI Quanta FEG 250 
scanning electron microscope (SEM). Energy-dispersive X-ray spectroscopy (EDS) 
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(TEAMTM EDS Analysis System) and EDS mapping were used to estimate and visualize 
Ni and Pt dissolution into the membrane. X-ray photoelectron spectroscopy (XPS) was 
conducted using a Physical Electronic multi-probe with a Perkin-Elmer dual anode X-ray 
source and a Kratos AXIS-165 surface analysis system to determine the oxidation states 
of surface platinum and nickel, as well as the atomic ratio between platinum and nickel in 
the PNC. Transmission electron microscope (TEM) and Scanning Transmission Electron 
Microscope (STEM) images were acquired on an FEI 200kV Metrios TEM equipped 
with ChemiSTEMTM technology (Schottky field emission gun with an X-FEG source and 
Super-XEDS package). TEM (FEI Tecnai T12) was also used to determine the 
morphology and to measure the particle size of the Pt-Ni nanocage catalyst before and 
after 30,000 voltage cycles. A small portion of the PNC catalyst after 30,000 voltage 
cycles was scraped off of the cathode side of the CCM and dispersed in ethanol. The 
TEM samples were prepared by dropping 15 µL of the dispersion on the TEM grid and 
drying at room temperature for 2 hours. Finally, the pore size distribution of the CCMs 
was determined by mercury intrusion porosimetry (MIP) using a Micromeritics’ 
AutoPore IV 9500. 
 
3.2.5 Electrochemical measurements 
Electrochemical measurements were conducted on a thin film rotating disk 
electrode (RDE) in a custom three-electrode glass (Adams & Chittenden Scientific Glass) 
cell using a platinum mesh as the counter electrode and Hg/HgSO4 as the reference 
electrode. The working electrode was prepared on a 6 mm glassy carbon disk electrode 
(Pine Research Instrumentation) by dropping 13 µL of a catalyst ink with the following 
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composition: 7.6 mg catalyst, 7.6 mL IPA, 2.4 mL DI water and 20 µL 5% Nafion 
dispersion, and drying on an inverted rotator at 700 RPM at room temperature. The three-
electrode cell was washed using 18.2 MΩ Millipore DI water and 0.1M HClO4 five times 
each before testing.  
 
3.2.6 CCM testing 
The CCMs were assembled in single cell hardware with 25 cm2 active area, a 
triple channel serpentine cathode plate and double channel serpentine anode plate. 
Sigracet 25BC was used as the gas diffusion layer on both sides. The average thickness of 
the CCM was 70 µm, the total thickness of the Teflon gasket was 305 µm, and the total 
thickness of GDL was 470 µm, which led to a pinch of 235 µm, corresponding to 40% of 
the total MEA thickness. The cell performance was tested on a Scribner 850e fuel cell 
test station. The performance was tested under H2/O2 flow with stoichiometry of 2, cell 
temperature of 80 °C and anode/cathode temperatures of 75 °C/73 °C (81%/75% relative 
humidity) at 150 Kpa(abs). In order to accelerate the catalyst degradation, the MEA was 
cycled from 0.6V to 1.0V at a scan rate of 50 mV/s for 30,000 cycles with 200/75 
standard cubic cm per minute of H2/N2 at 80 °C under 100% relative humidity, 
atmospheric pressure for the anode and cathode. [131] Polarization curves were obtained 
before and after cycling. The electrochemical active surface area (ECSA) of the MEA 
was estimated by cyclic voltammetry from 0.15 V to 1.2 V at a scan rate of 20 mV/s at a 
cell temperature of 25 °C, 100% relative humidity, 100/100 standard cubic cm per minute 
of H2/N2, 101 Kpa(abs) at the anode/cathode before and after cycling. 
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3.3 Results and discussion 
3.3.1. Physical characterization 
TEM images of nanoparticles at different synthesis stages (Pt-Ni alloy and PNC) 
are shown in Figures 3.1a-d. The initial Pt-Ni solid alloy was comprised of 
homogenously sized, well-faceted crystals with a predominance of octahedral structure, 
which was attributed to the stabilization effect of the capping reagent[132]. The particle 
size of the Pt-Ni alloy synthesized here was smaller than the PtNi3 polyhedra in 
Stamenkovic’s work, which was expected based on the selection of a different capping 
reagent. The initial Pt-Ni alloy was converted to PNC by selective Ni corrosion via a 
modified two-phase corrosion method, [38] which was a faster, more harsh procedure 
than that used in the Stamenkovic and coworkers, leading to some morphology variation; 
however, they both possessed continuous Pt-Ni crystallites with a 3-D hollow structure. 
As shown in Figures 1c-d, the PNC possessed an 8-edge uniform octahedral morphology 
with average diameter of 8-10nm. The continuous lattice fringes (inset of Figure 1c) 
indicate that the monocrystalline nature was obtained, with interplanar spacing of 0.221 
nm corresponding to the {1 1 1} facet of a face-centered cubic (fcc) structure. [38] 
XRD patterns for the Pt-Ni alloy and PNC are shown in Figure 3.1e. Both XRD 
patterns showed four main peaks located around 39°, 46°, 67° and 87°, which can be 
ascribed to the corresponding (111), (200), (220) and (222) Pt fcc reflections (JXPDS 
database #04-0802). For both Pt-Ni alloy and PNC. A slight shift to higher 2θ was noted 
for all peaks, which is likely due to the contraction of the Pt lattice by the incorporation 
of Ni atoms, indicating a formation of Pt-Ni bimetallic system. [133] There were no 
evident peaks that could be attributed to either elemental Ni or Pt, suggesting the 
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formation of a Pt-Ni alloy; however, there were potential shouldering peaks buried in the 
main peaks of Pt-Ni alloy XRD pattern, indicating that different levels of alloying may 
have been present within the Pt-Ni alloy.  Following the leaching steps to form the PNC, 
there was no phase separation and the final state of the Pt-Ni cage showing the formation 
of a thermally stable state. The characteristic XRD peaks the of PNC were shifted slightly 
toward lower angle compared to the Pt-Ni alloy, caused by an increase in lattice spacing 
due to preferential loss of Ni during the corrosion process, [134] and transition from the 
Ni-rich Pt-Ni alloy to a Pt-rich Pt-Ni cage hollow structure. [10] The compositions of the 
Pt-Ni alloy and Pt-Ni nanocage catalysts were examined by XPS. The compositional 
changes occurring during different synthesis steps can provide critical information about 
morphology changes to the electrocatalyst. The broad survey scan was conducted within 
binding energies from 1100 to 0 eV. The relative Pt:Ni atomic ratio in the Pt-Ni alloy was 
around 0.96 while it was around 3.1 for the PNC, which verified the transformation of the 
Ni-rich alloy to Pt-rich cages by the XPS survey scan. Because Ni atoms are more 
susceptible to oxidation than Pt atoms in the presence of dissolved oxygen, the high-
resolution Ni2p spectra (Figure 3.2a) could be deconvoluted into five doublets with 57.6% 
of Ni in an oxidized state, while the high-resolution of Pt4f spectra (Figure 3.2b) could be 
deconvoluted into two doublets with 35.9% of Pt in an oxidized state (Pt2+ 4f) in Pt-Ni 
alloy. The four Pt peaks at 71.0 eV, 73.78 eV, 74.3 eV and 76.65 eV corresponded to the 
binding energy of Pt 4f7/2, Pt2+ 4f7/2, Pt 4f5/2 and Pt2+ 4f7/2, respectively. Oxidized Ni is 
easier to dissolve than Pt, due to the formation of complexes between Ni and oleylamine 
ligands. [135] The high-resolution spectra of Ni in the PNC (Figure 3.2c) could be 
deconvoluted into two doublets, Ni-Pt 2p and Ni2+ 2p, with 31.5% in the Ni2+ state. The 
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high-resolution Pt spectra for the PNC (Figure 3.2d) could also be deconvoluted into two 
doublets, with 81.2% of the Pt in the metallic state and 18.8% being oxidized (Pt2+ 4f). 
The four peaks at 71.24 eV, 74.02 eV, 74.66 eV and 77.35 eV of Pt corresponded to the 
binding energy of Pt 4f7/2, Pt2+ 4f7/2, Pt 4f5/2 and Pt2+ 4f7/2, respectively. The portion of 
atoms in the metallic state with respect to both Ni and Pt increased significantly, 
implying the dissolution of oxidized metals during the corrosion process. It is also 
interesting to note that the Ni2p binding energy shifted to a lower value in the PNC 
compared with the Pt-Ni alloy, indicating a change in the surrounding environment of the 
Ni atoms, which might due to the formation of a Pt-rich structure after corrosion. 
 
3.3.2 Ex-situ RDE characterization  
Figure 3.3 shows cyclic voltammograms (CVs) for both the PNC catalyst and 
Pt/C. The data was collected at room temperature in N2 purged 0.1M HClO4 electrolyte at 
scan rate of 20 mV/s. The PNC CV shows a very similar response to Pt/C, including in 
the Hupd adsorption/desorption region and the formation of the OHad layer at higher 
potentials. [136] The electrochemically active surface area (ECSA) was determined by 
integrating the double layer corrected hydrogen adsorption charge in the negative scan 
and dividing by 210 µC/cm2, which corresponds to the adsorption of a hydrogen 
monolayer on polycrystalline Pt. The ECSA of PNC (71.16 m2/gPt) was more than two 






Figure 3.1 Representative (a) (b) TEM images of the initial synthesized octahedral Pt-Ni 
alloy; (c) (d) TEM images of PNC at different resolutions; (e) XRD patterns of carbon-
















Figure 3.2 High resolution (a) Ni 2p and (b) and Pt4f XPS spectra of the Ni-rich Pt-Ni 
alloy showing a highly oxidized surface; High resolution (c) Ni2p and (d) Pt4f XPS 
spectra of the Pt-Ni nanocages showing reduced surface oxidation and a slight shift in the 













Figure 3.3 Cyclic voltammograms (CV) comparison of Pt-Ni cages catalyst and Pt/C 
before any durability cycling. The data was collected in 0.1 M HClO4 electrolyte with N2 












ORR linear sweep voltammograms were collected in O2-saturated 0.1M HClO4 at 
a scan rate of 10 mV/s from 0.05 V to 1.03 V at 1600 RPM at 25 °C. Each experiment 
was performed at least three times to ensure reproducibility at the same experimental 
conditions and the results are shown in Figure 3.4a. The electrocatalytic response of the 
Pt-Ni alloy was very similar to the commercial Pt/C TKK catalyst; however, the PNC 
nanocage catalyst showed a significant increase in the ex-situ activity compared to Pt/C 
and the Pt-Ni alloy.  In fact, the ORR half-wave potential (E1/2) of the PNC catalyst was 
30 mV more positive than that of the Pt-Ni alloy and Pt/C, indicating superior ORR 
activity. [137] To be more quantitative regarding the activity, the kinetic current at 0.9 V 
vs. NHE was calculated from the ORR polarization curve after correcting for mass 
transport [138].  The mass activity of the PNC catalyst was found to be 501 mA/mgPt, 
which was over four times greater than that of Pt/C (104 mA/mgPt). After normalization 
to the ECSA, the specific activity of PNC (704 µA/cm2) was over two times higher than 
that of Pt/C (323 µA/cm2). The higher activity of PNC than Pt/C is likely stemming from 
a combination of high intrinsic activity enabled by the alloy shift in the d-band center as 
well as the open architecture of cages leading to improved access to reactive sites.  
 
3.3.3 CCM morphology and PEMFC performance 
The surface morphology of CCMs prepared with PNC/C (PNC) as both anode and 
cathode catalyst was examined by scanning electron microscopy (SEM). As shown in 
Figure 3.5, the catalyst layer (CL) possessed a very porous architecture and uniform 
agglomerations of carbon particles due to the formation of a wide distribution of 




Figure 3.4 (a) ORR polarization curves for Pt/C, Pt-Ni alloy and PNC showing 
considerably improved (b) specific activity and mass activity for Pt-Ni nanocage catalysts 


















Figure 3.6 shows the pore-size distribution of both the PNC CCM and a Pt/C 
CCM. There were two main peaks for the CCMs: a smaller peak in the range of 3-10 nm 
and a larger peak in the range of 30-100 nm. The PNC CCM had a much larger mesopore 
volume (70-90 nm) then the Pt/C CCM.  Though this may not be expected considering 
that the differences between the PNC and Pt/C catalysts are observed on the nanoscale, 
there are two important considerations.  First, the surface of the PNC is much more 
hydrophilic than Pt/C due to an increased Ni-O bond than Pt-O bond.  Second, the PNC 
ink to create the CCM incorporated carbon black as an additive as opposed to a true 
support with catalyst bonded to the surface.  Both of these will impact the formation of 
carbon agglomerates within the ink as well as impact the structure formation during 
solvent evaporation and drying.  Finally, the pore size distribution also showed a 
significantly higher peak at ~3 nm than the Pt/C CCM, which might result from the 3-D 
hollow structure of the cages leading to a deeper penetration of Nafion into the cage and a 
higher ECSA.  
PEMFC polarization curves of the CCMs with PNC and Pt/C catalysts are shown 
in Figure 3.7a. The Pt/C PEMFC showed similar initial performance with lower loading 
compared to the literature. [25] Even though the PNC PEMFC (0.1 mgPt/cm2) had much 
lower platinum loading than that of Pt/C PEMFC (0.3 mgPt/cm2) on the cathode side, the 
PNC PEMFC polarization curve showed clearly superior performance than the Pt/C 
PEMFC. The mass-normalized current density (Figure 3.8) of the PNC catalyst was 
significantly higher than Pt/C in both the kinetic (inset) and high current density regimes.  
In fact, at the typical operating point for PEMFCs, 0.7 V, the mass normalized current 




Figure 3.5 SEM images of the cathode CL with Pt-Ni nanocages/Vulcan (PNC) catalyst 
under different magnifications.  (a) and (b) show two magnified areas that clearly show 
the a pore architecture and homogeneous distribution of the carbon agglomerates and 
catalyst particles.  (c) and (d) are lower magnification images that show that the CCM 
structure was homogenous and that there were no obvious cracks or mud-like 
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activity correlates exactly to the ORR kinetic data collected on the RDE.  The higher 
PNC activity also resulted in a higher areal power density both at the beginning of life 
(1.28 W/cm2 vs. 1.21 W/cm2) and the end of life; this is despite the fact that the PNC 
CCM had only 1/3 the catalyst loading of the Pt/C CCM.   
In addition to the higher activity, the PNC CCM may have shown a higher peak 
power density than the Pt/C CCM because the catalyst layer was more porous when built 
the hollow structure. In addition, the PNC catalyst showed very good stability, much 
better than Pt/C; the cell voltage was above 0.55 V even after 30 K cycles at current 
density of 1.9 A/cm2. The mass activity loss for both PNC and Pt/C PEMFCs from the 
BOL to EOL is compared Figure 3.7b. The PNC and Pt/C PEMFCs exhibited 58% and 
81% mass activity loss at EOL after 30 K cycles, respectively, indicating that the PNC 
catalyst had a much better stability and was a large step closer to the 40% mass activity 
loss DOE 2020. [26]  Another important stability parameter is the in-situ ECSA, which 
was measured by cyclic voltammetry. [138]  The ECSA results for the PNC catalyst are 
shown in Figure 3.7c.  The ECSA of the PNC catalyst was reduced by 59% (from 42.4 
m2gpt-1 to 17.2 m2gpt-1) after 30 K cycles. Interestingly, the reduction in the PNC mass 
activity and ECSA were near mirrors of one another, suggesting that the specific activity 
did not significantly reduce during testing.  The mass activity loss for the Pt/C catalyst 
was also driven by the ECSA loss (Figure 3.9), which was much more severe than the 
PNC catalyst.  For both catalysts, a considerable majority of the mass activity and ECSA 
loss occurred during the first 10K cycles, suggesting the initial catalyst rearrangement is 
the driving force behind reduced performance throughout the PEMFC life. The ECSA 
loss most likely stems from the agglomeration of catalyst and the disappearance of edges 
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during fuel cell operation and voltammetry cycling. In addition, it is also possible that 
some carbon corrosion occurred, leading to catalyst detachment and/or dissolution during 
accelerated degradation testing, which accelerated ECSA loss and performance decrease. 
With regards to catalyst and cell degradation, it has been reported that the catalyst 
layer and Nafion membrane are susceptible to contamination by cations due to their 
limited protonic sites, and occupation of protonic sites by foreign cations leads to reduced 
CL and membrane conductivity and higher ohmic losses. [25] In order to investigate the 
ohmic losses resulting from possible Ni2+ and/or Pt2+ contamination of protonic sites due 
to leaching or dissolution from the Pt-Ni nanocages, the in-situ high frequency resistance 
(HFR) of the PNC PEMFC was measured at different cycling stages during cell operation 
and normalized by active area of the cell and the result is shown in Figure 3.7d. The cell 
showed higher HFR at low current density due to dehydration of both the anode and 
cathode and showed an increase in the HFR at high current density, which might result 
from possible catalyst layer flooding due to faster H2O generation rate at cathode. 
However, the HFR did not show any significant change even after 30 K cycles, indicating 
few, if any, protonic sites were occupied in the Nafion membrane area by Ni or Pt cations, 
which was also evidenced from elemental mapping of cross-section of CL before and 
after cycling, Figure 3.11.  
H2-crossover tests were conducted with increased aging of the PNC PEMFC and 
the result is shown in Figure 3.10. In this test, the MEA was subjected to a linear sweep 
voltammetry test, which was performed in 100/100 sccm H2/N2 at 25 °C, 100% RH and 
101 Kpaabs at a scan rate of 2 mV/s from 0.1 V to 0.4 V. All of the H2 oxidation current 





Figure 3.7 (a) Polarization curves for PNC and Pt/C PEMFCs from BOL to EOL at 
different cycling stages; (b) Mass activity loss (%) of Pt-Ni nanocages and Pt/C during 
cycling, showing increased durability of the PNC catalyst vs Pt/C (obtained from the 
polarization curves at 0.9 V); (c) Cyclic voltammograms of the Pt-Ni nanocages PEMFC 
showing the ECSA losses during cell aging; (d) In-situ high frequency resistance (HFR) 





Figure 3.8 Initial cell performance comparison between Pt-Ni cage and Pt/C, showing 
that the Pt utilization of Pt-Ni cage in PEMFC is much higher than that of Pt/C. The 
kinetics region is also shown in the inset. The Pt-Ni cage also has better ORR kinetics 
















Figure 3.9 Cyclic voltammotrams of the Pt/C PEMFC with increased cycle number 
showing the ECA losses during cell aging. The Pt loading was 0.3 mg/cm2 for both the 



























indicative of a fuel cell with a very high electrical resistance without internal short. [139] 
The parasitic current density was around 0.38 mA/cm2, indicating a nearly constant H2 
permeation rate from anode side to the cathode before and after cycling. [25] The H2 
crossover data supports the HFR data, also suggesting that the PFSA membrane was not 
polluted by metal ions during the PEMFC operation and cycling. [140,141] 
Cross-sectional SEM images of the PNC CL before and after cycling are shown in 
Figure 3.11a and 3.11e. The cross-section images show a thin CL with an even thickness 
of 9-10 micrometers, which is ideal for rapid gas supply and promoting the removal of 
water. [142] The CL was thinned after cycling, which may be caused by compression 
during cell assembly. Another possible explanation is collapse of the CL caused by 
degradation of both the catalyst and catalyst support during the long cycling process, 
which corresponded to the cell performance decrease that was observed after 30 K cycles. 
The EDS spectra and elemental mapping for the PNC CCM cross-section before and after 
30 K cycles are shown in Figures 6b-d and Figures f-h, respectively. Both platinum and 
nickel showed a clear elemental boundary between the CL and membrane and a uniform 
distribution in the cross-section of the CL. It is also noted that even after 30 K cycles, 
there was no obvious Pt or Ni dissolution and re-deposition into the membrane, indicating 
a good stability of PNC, which also corresponded to the HFR results in Figure 3.7d and 
the H2 crossover experiments. The Pt-Ni alloy CCM was also subjected to long-term 
testing followed by SEM and EDS elemental mapping for comparison (Figure 3.12), and 




Figure 3.11 (a) (d) SEM image and EDS spectra of CL cross-section before cycling; (b) 
(c) Pt and Ni elemental mapping of CL cross-section before cycling; (e) (h) SEM image 
and EDX spectra of CL cross-section after cycling; (f) (g) Pt and Ni elemental mapping 







Figure 3.12 EDS elemental mapping of CL cross-section of Pt-Ni alloy PEMFC after 
























Figure 3.13 (a) (b) TEM images of cabon-supported PNC before cycling; (c) (d) TEM 









TEM images of the PNC before and after 30 K cycles are shown in Figures 3.13a-
d.  Samples were prepared by scratching materials from cathode side of MEA before and 
after cycling and placed on the TEM grid. The PNC showed a majority of cage structure 
before cycling (Figure 3.13a-b). The PNC experienced slight agglomeration and some 
edge loss (Figure 3.13c-d) after cycling. Some particles also became more spherical after 
fuel cell operation and 30 K degradation cycles due to surface energy loss while most of 
catalyst still retained 3-D hollow structure though with morphology transformation. The 
coalescence [143] and coarsening [144] of PNC might be the root cause for mass activity 
and ECSA loss. However, an overwhelming majority of the particles retained their cage 




In this work, Pt-Ni alloys and Pt-Ni nanocage electrocatalysts were successfully 
synthesized and characterized both physically and electrochemically (in-situ and ex-situ). 
In ex-situ RDE tests, the Pt-Ni nanoframe catalysts far outperformed commercial TKK 
Pt/C catalysts in terms of both specific and mass activity.  The in-situ performance of the 
PNC was investigated in an operating 25 cm2 PEMFC, and the MEA and catalyst 
degradation were studied after 30 K cycles. No Pt or Ni dissolution and redeposition into 
the membrane was found and the decrease of PEMFC performance mainly came from 
catalyst agglomeration and ECSA loss. Again, the Pt-Ni nanoges catalysts significantly 
outperformed commercial Pt/C.  The results highlight the superiority of PNC for both 
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activity and durability in PEMFCs compared to existing carbon-supported Pt 
nanoparticles. The work presented here represent the first systematic study of activity and 
durability for PNC under PEMFC operation by using both physical and electrochemical 
























HIGHLY ACTIVE AND DURABLE PD-CU CATALYSTS FOR OXYGEN 
REDUCTION IN ALKALINE EXCHANGE MEMBRANE FUEL CELLS 
 
4.1 Introduction 
 The purpose of this work is to develop a one-pot, scalable strategy for 
synthesizing Pd-Cu alloy supported on Vulcan carbon electrocatalyst for the ORR in 
alkaline media by using a solvothermal method. The typical synthesis of Pd-Cu supported 
on Vulcan (Pd-Cu/Vulcan) is based on co-reduction of palladium acetate and copper 
acetylacetonate by aniline in a solvent mixture of benzyl alcohol and 
PolyvinylPyrrolidone (PVP), where PVP is used as a capping reagent. The Vulcan is 
added into the mother solution directly to provide adhesion sites for Pd-Cu. The atomic 
ratio between Pd and Cu of the final product was controlled simply by adjusting the 
molar ratio of metallic precursors in the solution. The Pd-Cu/Vulcan catalysts were 
characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM) and 
X-ray photoelectron spectroscopy (XPS). The activity as well as the stability of the 
prepared catalysts were assessed on a rotating disk electrode (RDE) by cyclic 
voltammetry and compared with the state-of-art commercial Pt/C. High in-situ activity of 
Pd-Cu/ Vulcan was further demonstrated in an operating 5 cm2 AEMFC. This work was 
published in the journal of Frontiers in Energy. [76] 
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4.2 Experimental section  
4.2.1 Chemicals 
Cu (II) acetylacetonate (Cu(acac)2) (98%,Fisher), Palladium(II) acetate (Pd(OAc)2) 
(96%,Fisher), Benzyl Alcohol (Certified, Fisher), Aniline (100% w/v, Fisher), 
PolyvinylPyrrolidone (Ave. F,W.40,000, Fisher), Potassium hydroxide (≥85%, Fisher), 
Ethanol (Histological grade, Fisher), 2-Propanol (IPA) (Optima,Fisher), Acetone (99.5%, 
Fisher), Gas diffusion layer (GDL) with 5% PTFE (Toray TGP-H-060), Solid anionomer 
powder (ETFE-g-poly(VBC) powders), Membrane (ETFE-based radiation-grafted 
alkaline anion exchange membrane, University of Surrey), Pt/TKK catalyst (50%, BASF), 
Vulcan XC-72R (Cabot), Alfa Aesar HiSPEC 10000 (platinum, nominally 40%wt., and 
Ruthenium, nominally 20%wt., on Vulcan XC-72R carbon). 
 
4.2.2 Catalyst preparation 
Cu(acac)2 and Pd(OAc)2 were used as the metal precusors. Benzyl alcohol was 
used as the solvent. PolyvinylPyrrolidone (PVP) and aniline were used as the capping 
reagent and reducing reagent, respectively. In a typical synthesis: 400mg of PVP was 
added into 25 mL of Benzyl alcohol. The mixture was rigorously sonicated until all of the 
PVP dissolved, after which 35 mg of Vulcan XC-72R was added to the liquid mixture, 
followed by a 10-minute sonication until the formation of a homogenous suspension. 70 
mg of Cu(acac)2，60 mg of Pd acetate and 0.8 mL aniline were added into the 
suspension, followed by intense sonication until a homogenous dark blue solution was 
formed. The resulting solution was transferred to a 50 mL Teflon-lined autoclave. After a 
24-hour heating at 170 °C, the autoclave was cooled down to room temperature with cold 
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tap water. The resulting Pd-Cu/Vulcan was washed with an ethanol-acetone (1:1 by 
volume) mixture three times, separated via centrifugation at 8000 RPM, and dried at 
60 °C under vacuum overnight. The Pd-Cu/Vulcan particles were then thermally 
annealed at 200 °C in a tube furnace under H2 atmosphere (H2 flowrate = 40 sccm) for 





 X-ray diffraction (XRD) patterns for the Pd-Cu/Vulcan were collected, using a 
Bruker D8 Advance X-ray diffractometer with a Cu Kα1 ceramic X-ray tube 
(λ=0.1540562 nm) and a LynxEye Super Speed detector, to investigate the crystallinity 
and structure. Data was collected from 25° to 90° at a scan rate of 0.0285°/s. X-ray 
photoelectron spectroscopy (XPS) was conducted using a Physical Electronic multiprobe 
with a Perkin-Elmer dual anode X-ray source and a Kratos AXIS-165 surface analysis 
system to determine the oxidation states of Pd and Cu, as well as the Pd:Cu atomic ratio 
in the Pd-Cu/Vulcan catalyst. The particle size and morphology of Pd-Cu/Vulcan was 
determined by transmission electron microscopy (TEM) using a FEI Tecnai T12. Gas 
diffusion electrode (GDE) surface morphology was imaged by a FEI Quanta FEG 250 
scanning electron microscope (SEM). Energy-dispersive X-ray spectroscopy (EDS) 
(TEAMTM EDS Analysis System) and EDS mapping were used to estimate and visualize 
the Pd and Cu distribution. The actual mass ratio between metal and Vulcan was 
determined by thermal gravimetric analysis (TGA) with a NETZSCH STA 449, which 
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confirmed that the true mass loading of Pd-Cu on Vulcan was almost exactly 40 wt%, as 
intended.  The atomic ratio between Pd and Cu was examined using inductively coupled 
plasma optical emission spectrometry (ICP-OES). 
 
4.2.4 Electrochemical measurements  
 Electrochemical measurements were conducted on a thin film rotating disk 
electrode (RDE) in a custom three-electrode glass cell (Adams & Chittenden Scientific 
Glass) using a platinum mesh as the counter electrode and a double junction Ag/AgCl 
reference electrode (Pine Research Instrumentation). Cyclic voltammograms and ORR 
polarization curves were recorded using an Autolab PGSTA302N potentiostat. The 
working electrode was prepared on a glassy carbon disk electrode (geometric area: 
0.2826 cm2; Pine Research Instrumentation) by dropping 13 µL of a catalyst ink with the 
following composition onto the electrode: 7.6 mg catalyst, 7.6 mL IPA, 2.4 mL DI water 
and 20 µL 5% Nafion ionomer dispersion (DuPont). The film was dried on a leveled, 
inverted rotator at 700 RPM at room temperature. Prior to thin-film deposition, the glassy 
carbon electrodes were polished with a 0.05 µm Al2O3 particle-suspension and carefully 
washed with 18.2 MΩ Millipore DI water and dried in air for 20 minutes. The Pt and Pd 
loading on the glassy carbon were approximately 19 µgPt/cm2 and 12 µgPd/cm2, 
respectively. The three-electrode cell was washed using DI water and 0.1M KOH fives 






4.2.5 GDE fabrication and Fuel cell testing 
 Prior to formulation of the catalyst ink, a ETFE-g-poly (VBTMAC) powder 
anionomer [78] was first ground with a well-cleaned mortar and pestle for 10 min to 
reduce the number of aggregated particles. Next, the catalyst and 1 mL DI water was 
added to the ground aniomer and ground for an additional 10 min until visually 
homogeneous catalyst slurry was formed. The ETFE powder mass comprised 20% of the 
total solid mass of all of the GDEs in this work. After the slurry was homogenized, 1.5 
mL of isopropanol was added into the mortar followed by another 5 min grinding.  A 
final 5 mL of isopropanol was added the mortar and the final ink mixture was transferred 
to a PTFE-lined vial and sonicated for 1 hour, changing the sonicator water every 15 min 
to avoid heating. The catalyst ink was sprayed onto the GDL using an air-assisted sprayer 
(Iwata) to fabricate GDEs. Since the particle size of the ETFE powder was around 20-30 
µm, [78] the catalyst layer was maintained at around 30 µm thickness in order to have a 
uniform thickness. Both the cathode and anode GDEs were hydrated in DI water for 20 
min and then soaked twice in 1M KOH for 20 min to remove impurities and ion 
exchange the quaternary ammonium groups. [145] The membrane and GDEs were 
washed with DI water to remove excess KOH before cell assembly. A Pt-Ru catalyst was 
used at the anode.  The noble metal loading for all electrodes was 0.60±0.03 mg/cm2.  
 5cm2 active area AEMFCs were assembled in single cell hardware with a single 
channel, serpentine flow field. A benzyl-quaternary ammonium radiation-grafted 
membrane was used as anion exchange membrane in the AEMFC. [146] The average 
thickness of the GDE was 200 µm, and the total thickness of the Teflon gasket on each 
side was 152 µm, which led to a total pinch of 96 µm, corresponding to 24% of the total 
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GDE thickness.  The AEMFCs were tested on a Scribner 850e fuel cell test station at a 
cell temperature of 60 °C under H2/O2 flow at 0.2 L/min and 0.7 L/min, respectively, at 
atmosphere pressure (no back pressure). The cell was pre-operated at a voltage of 0.5 V 
for break-in and the relative humidity (RH) of both the cathode and anode was adjusted 
to help the cell to be operated at optimal conditions. [58] 
 
4.3 Results and discussion 
4.3.1 Physical characterization 
The XRD pattern for the synthesized Pd-Cu/Vulcan catalyst is shown in Figure 
4.1a. There were no evident peaks that could be attributed to either elemental Pd or Cu, 
suggesting the formation of a Pd-Cu alloy. The XRD pattern with Rietveld refinement 
confirms that Pd-Cu/Vulcan bimetallic nanoparticles are comprised of a primary Pd-Cu 
B2-type phase and a small amount of primitive cubic phase (cp) and face-centered cubic 
(fcc) solid solution. The peaks at 29.45°, 41.29°, 42.96°, 62.26° and 78.75° were assigned 
to the Pd-Cu cp (100), fcc (111), B2-type (110), B2-type (200) and B2-type (211), 
respectively. A peak corresponding to the Vulcan carbon support was also observed at 
26.38°. [147]  
Since Pd2+ is generally considered to be more easily reduced than Cu2+, an uneven 
reduction rate of Pd2+ and Cu2+ is possible during synthesis, which might result in a 
phase-segregated structure due to the initial formation of small Pd(0) clusters. [148] Thus, 
the formation of a B2-type PdCu nanoalloy in this study can likely be attributed to the 
usage of PVP as a capping reagent, which balanced the reduction rate of Pd and Cu 
precursors as well as applying aniline as a mild reducing reagent to slow down the 
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reaction rate. In addition, thermal annealing under H2 atmosphere at relatively low 
temperature for an extended time helps facilitate the chemical ordering of Pd and Cu 
atoms through interaction of the transition metal atoms with dissociated H2. [148,149] 
The particles were well attached to, and widely dispersed on, the Vulcan surface, 
forming a single layer of coverage with an even particles distribution, which can decrease 
resistance between the catalyst and catalyst support and increase catalyst utilization 
during AEMFC operation. High resolution TEM (Figure 4.1d) of the sample shows that 
the lattice fringes align clearly parallel to each other. The d-spacing of 0.210 nm 
measured by TEM corresponds to the (110) facets in B2-type PdCu (0.211 nm), 
calculated from the Rietveld analysis (Maud). The particle size distribution inset in 
Figure 4.1c was determined using Image J software over an area containing around 100 
particles, showing that the major particle diameter is around 7-8 nm. 
The elemental composition and chemical state of the Pd-Cu/Vulcan 
electrocatalyst was examined by high-resolution XPS. The high resolution C 1s spectra 
could be deconvoluted into 3 bands, corresponding to (binding energy from low to high): 
graphitic carbon at 284.56 eV; and carbon singly bound to oxygen (C-O) at 285.85 eV 
and carbon doubly bound to oxygen (C=O) at 287.44 eV. [150,151] 
The relative Pd/Cu atomic ratio in the Pd-Cu/Vulcan catalyst estimated from the 
broad survey was 0.93, which also corresponded well with ICP-OES (Pd/Cu ratio = 0.99). 
The high-resolution Pd3d spectra (Figure 4.2c could be deconvoluted into two doublets 
with around 90% of Pd in the metallic state. The four peaks at 335.32 eV, 336.40 eV, 
340.48 eV and 342.62 eV corresponded to the binding energies for Pd 3d5/2, Pd2+3d5/2, Pd 





                 
Figure 4.1 (a) XRD pattern (black) and Rietveld refinement fitting (red line) of Pd-
Cu/Vulcan nanoparticles after thermal annealing at 200°C in H2. Tick marks represent the 
reflection positions for B2-structured Pd-Cu (blue), fcc Pd-Cu (orange), primitive cubic 
Pd-Cu (red) and Vulcan (green); (b) Representative TEM images of the Pd-Cu/Vulcan 
after thermal annealing at 200°C in H2; (c) higher resolution TEM image showing a 












                     
                  
Figure 4.2 (a) XPS survey spectra of the as-synthesized Pd-Cu/Vulcan; (b) focused C1s 
spectra of Pd-Cu/Vulcan supported on carbon tape; High resolution of (c) Pd 3d and (d) 
Cu 2p XPS spectra of the Pd-Cu/Vulcan showing a highly metallic state for both Pd and 
Cu. The high resolution spectra was fit to a gaussian model and a linear background 












deconvoluted into two doublets, Cu 2p3/2 and Cu 2p1/2, with a Cu 2p3/2, satellite peak.  It 
was found that the Cu was comprised of approximately 69% of its atoms in the metallic 
state.  
 
4.3.2 Electrochemical measurements 
 The cyclic voltammograms (CVs) for Pd-Cu/Vulcan (Figure 4.3a) were recorded 
at room temperature in N2-saturated 0.1M KOH electrolyte at a sweep rate of 20mV/s. 
All potentials reported and discussed in this work are relative to RHE. The CV exhibited 
two distinct potential regions related to Hupd adsorption/desorption processes between 
0.05<E<0.35 V and the Pd oxidation/reduction processes between 0.6<E<0.9 V. Due to 
the fact that Pd can absorb large quantities of hydrogen in its lattice, [152] the real 
electrochemically active surface area (ECSA) of Pd-Cu/Vulcan was estimated using the 
following Equation 4.1, where Q is the charge corresponding to the reduction of a PdO 
monolayer, in mC, which was found by integrating the cathodic charge in the 
voltammogram between 0.6 - 0.85 V.  The result was divided by the product of the Pd 
mass loading (mgPd/cm2) and the theoretical charge needed to reduce a PdO monolayer 
(0.405 mC/cm2) [153–155] in order to determine the ECSA. The as-prepared Pd-
Cu/Vulcan had a reasonably high ECSA of 50.0 m2/gPd.  
For CV collection on RDE, the working electrode was scanned at a rate of 20 
mV/s. The charge of PdO peak Q was determined in the potential range of 0.6-0.9 V from 
the negative-going scan. The Pd electrochemical surface area (ECSA) was given by the 
following Equation: 
       (4.1) ECSA =Q / (0.405×[Pd])
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The Pt ECSA was given by the following Equation: 
   (4.2)
 
The kinetic current @ 0.9 V was obtained from a scan at 1600 RPM by Equation 4.3: 
        (4.3) 
Where Ik was the kinetic current and Ilim was limiting current and I was the measured 
current at 0.9 V. The Ik was normalized by the noble metal loading on the disk electrode 
to calculate the mass activity. And the specific activities were estimated by dividing the 
mass activity by the ECSA. 
 The ORR polarization curves for Pd-Cu/Vulcan and Pt/C thin-film rotating-disk 
electrodes in O2-saturated 0.1M KOH are shown in Figure 4.3b. The polarization curves 
exhibited two distinct potential regions: diffusion-limiting currents were obtained in the 
potential region below 0.6 V whereas the mixed kinetic-diffusion control region existed 
between 0.6 V and 1.03 V. The half-wave potential of Pd-Cu/Vulcan at 1600 RPM was 
0.90 V, which was 50 mV higher than that of Pt/C (0.85 V), indicating improved ORR 
kinetics. [156] RDE experiments were further conducted from 400 to 2500 RPM to 
examine the reaction kinetics of the Pd-Cu/Vulcan catalyst. As shown in the inset of 
Figure 4.3c, the limiting current densities increased with increasing electrode rotation 
speed. [157] The linearity of the Koutechy-Levich plots and near parallelism of the fitting 
lines suggest first-order reaction kinetics and similar electron transfer numbers for ORR 
at different potentials. [158] The number of electrons (n) transferred during the ORR was 















I lim (A)× I(A)
(I lim − I )
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4.3c), suggesting that Pd-Cu/Vulcan overwhelmingly prefers a 4e- oxygen reduction 
process, similar to the commercial Pt/C catalyst in the same 0.1M KOH electrolyte. [72] 
The kinetic current was calculated by mass-transport correcting the ORR 
polarization curves at 0.9V. [138] Pd-Cu/Vulcan exhibited a specific activity of 1.27 
mA/cm2, which was over 4 times greater than Pt/C (0.28 mA/cm2). After being 
normalized by the Pd loading, the mass activity of Pd-Cu/ Vulcan was calculated to be 
0.59 A/mgPd, which was around 3 times higher than that of Pt/C (0.21 A/mgPt). Figure 
4.3d presents the mass-transport corrected Tafel Plots of the logarithm of kinetic current 
density, logJk (mA cm-2), versus the electrode potential for the ORR on Pd-Cu/Vulcan 
and Pt/C catalysts. The Tafel plots for both materials have a linear region with slopes of 
ca. 120 mV/dec at high overpotential and ca. 60 mV/dec at low overpotential, which are 
consistent with the expected reaction mechanism on the catalyst surface. [159] The 
increased activity for ORR of Pd-Cu/Vulcan likely comes from an optimized d band 
center to facilitate the OOH dissociative adsorption as stated in former text. Second, a 
mixed phase consisting of B2-type and disordered fcc structure can also contribute to 
enhancement of ORR activity due to a stable intermetallic Pd and Cu arrangement. [160]  
In addition to the high specific and mass activities, the Pd-Cu/Vulcan also 
exhibited excellent electrochemical stability. The catalyst was cycled between 0.6 and 1.0 
V for 5,000 cycles in N2-saturated 0.1M KOH at a scan rate of 50 mV/s to mimic fuel cell 
operation where catalysts often suffer from poor stability. [161] After 5,000 cycles, the 
Pd-Cu/Vulcan largely retained its activity, exhibiting only an 8 mV shift in its half-wave 
potential (Figure 4.3f) post-cycling. The enhanced durability is ascribed to the synergic 
effect between Pd and Cu, resulting in a lower coverage of oxygenated intermediates 
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4.3.3 GDE morphology and AEMFC performance 
The surface morphology of the GDEs prepared using Pd-Cu/Vulcan as the 
cathode catalyst was examined by SEM. As shown in Figure 4.4, the GDE possessed a 
uniform agglomeration of catalyst particles and very porous architecture, which can be 
beneficial for reactant and product mass transfer, and even water back diffusion from the 
anode to cathode. [38] Figure 4.4c shows the ETFE ionomer power with a diameter 
around 30 µm. Figure 4.4d shows that the Pd-Cu/Vulcan catalyst is in intimate contact 
with the surface of the ETFE powder ionomer, which is thought to help form the triple-
phase boundary and decrease charge transfer resistance. EDS and elemental mapping 
results are shown in Figure 4.5, where it also confirms the existence ETFE power and a 
homogeneous distribution of catalyst on its surface.   
 Since water management in the catalyst layer plays an important role in electrode 
flooding as well as the ionic conductivity of the membrane and ionomer, choosing an 
appropriate operating RH for both the cathode and anode is critical to achieving the best 
possible AEMFC performance. [52] In order to optimize the cell operating conditions, 
single-cell AEMFCs with Pt-Ru/C applied as the anode catalyst and the synthesized Pd-
Cu/Vulcan as the cathode catalyst were assembled and tested. As shown in Figure 4.6, 
these AEMFCs with the ETFE membrane and ionomer powder do not prefer to be 
operated at full humidity and cell performance is actually increased as the anode RH 





Figure 4.3 (a) Cyclic voltammogram of Pd-Cu/Vulcan in 0.1M N2-saturated KOH 
solution at room temperature. The voltage window was 0.05-1.2 V vs. RHE; (b) ORR 
polarization curves of Pd-Cu/Vulcan and Pt/C showing higher ORR activity of Pd-
Cu/Vulcan; (c) Corresponding Koutecky-Levich plots of Pd-Cu/Vulcan at different 
potentials with polarization curves at different speeds inset; (d) ORR Tafel plots for Pd-
Cu/Vulcan and Pt/C; (e) Mass and specific activity comparison between Pd-Cu/Vulcan 









Figure 4.4 SEM images of the cathode GDE with Pd-Cu/Vulcan catalyst under different 
magnifications. (a) (b) show that the catalyst particles are uniformly distributed onto the 
carbon paper mesh and that there are no obvious cracks or mud-like clusters formed 
during ink spraying. (c) and (d) are higher magnification images that show a porous 






Figure 4.5 (a) SEM image of surface of GDE; (b) (c) (d) Pd, Cu and F elemental mapping 











Figure 4.6 AEMFC performance at cell temperature of 60 °C, cathode humidifier 
temperature of 54 °C. The temperature of anode humidifier was changed from 59 to 
57 °C to obtain best cell condition. The temperatures are cathode/anode/cell in order. The 
anode Pt-Ru loading was kept at 0.60±0.01 mg/cm2, the cathode Pd loading was kept at 
0.6±0.01 mg/cm2. H2 and air was fed on anode and cathode with flowing rate 0.2 L/min 













Figure 4.7 AEMFC performance at cell temperature of 60 °C, anode humidifier 
temperature of 57 °C. The cathode humidifier was changed from 53 to 57 °C to obtain 
best cell condition. The temperatures are cathode/anode/cell in order. The anode Pt-Ru 
loading was kept at 0.60±0.03 mg/cm2, the cathode Pd loading was kept at 0.60±0.03 
mg/cm2. H2 and air was fed on anode and cathode with flowing rate 0.2 L/min and 0.7 
















the optimized anode RH, cathode RH was also optimized at the settled anode RH. As 
shown in Figure 4.7, the cell performance increased as cathode RH decreased and 
reached peak performance at 75% cathode RH. Therefore, an anode RH of 87% (dew 
point 57 °C) and a cathode RH of 75% (dew point 54 °C) were selected as the optimized 
cell operation condition in this work. It should be noted that even at this low RH for both 
cathode and anode, the AEMFC high frequency resistance (HFR) was still lower than 70 
mOhm cm2. The ETFE membrane used in this work has unusually high ionic 
conductivity, [146] which is key descriptor for H2O transport. [163,164] Therefore, other 
membrane materials may not show identical behavior if they have limited ionic 
conductivity.  
This counterintuitive strategy of operating at low relative humidity, especially at 
the cathode, might be explained as follows. Since oxygen has limited diffusion capability 
through the catalyst layer and very limited solubility in water, it is necessary to keep the 
cathode at a relatively low RH to keep cathode catalyst layer un-flooded, which requires 
that the anode RH should be higher than cathode to provide enough water for cathode to 
react with oxygen through back diffusion, not just the water supplied from the gas phase. 
Robust water back diffusion from anode to cathode also helps keep the membrane 
hydrated, which in return sustains high ionic conductivity, and explains the very low 
HFR reported here.  
As shown in the polarization curves (Figures 4.8a and 4.8c), the Pd-Cu/Vulcan 
was able to achieve a superior performance than Pt/C, not only in the ohmic and mass 
transport controlled regions, but also in kinetic controlled region (inset of Figures 4.8a 
and 4.8c).  This shows that the Pd-Cu Vulcan had a higher ORR activity of Pd-Cu/Vulcan 
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than Pt/C in-situ, which is also in agreement with the ex-situ RDE measurements. The 
AEMFCs with a Pt/C cathode reached peak power densities of 827 mW/cm2 when 
operating with H2/O2 feeds and 642 mW/cm2 under H2/Air (Figure 5d), comparable to the 
state-of-the-art. [165] The AEMFC with the Pd-Cu/Vulcan catalyst cathode was superior, 
approaching a peak power density of 1100 and 700 mW/cm2 with H2/O2 and H2/Air feeds, 
respectively (Figure 4.8c). The significant improvement in cell performance was mainly 
due to a combination of faster ORR kinetics of Pd-Cu/Vulcan than Pt/C as well as 
improved mass transfer, which might have been due to a larger percentage of carbon (and 
hence porosity) in the catalyst layer.  
The AEMFC with the Pd-Cu cathode catalyst in this work is more extensively 
compared to other AEMFC studies from the literature in Table 4.1. In general, the Pd-Cu 
catalyst in this work offers superior performance in terms of both current densities at 0.7 
V and peak power density. The Pd-Cu catalyst also shows especially very high 
performance with regard to peak power when normalized to precious metal loading (1.83 
W/mg).  Though there are three reports of higher specific power densities, it is important 
to note that all of those studies accomplished this feat with significant back pressurization 
of the gas feeds, which was not done in our work reported here.   
 
4.3.4 Pd-Cu/Vulcan In-situ AEMFC stability  
 AEMFC stability has long been a serious concern, with many studies focused on 
identifying new membrane and catalyst materials. [61] In this study, in order to 




Figure 4.8 AEMFC performance using Pd-Cu/Vulcan and Pt/C cathode catalysts with Pt-
Ru/C anode catalysts. The cell was operated at 60 °C, fed with H2/O2 and H2/Air at 87% 
RH on anode and 75% RH on cathode without backpressure. Polarization curves (a) and 
power densities (b) for AEMFC single cells operating with H2/O2 gas feeds; Polarization 
curves (c) and power densities (d) for AEMFC single cells operating with H2/Air feeds.  
The data shown here is not iR-corrected. In-situ AEMFC stability testing: (e) the current 
density versus time at settled voltage at 0.6 V; (f) In-situ high HFR of the operating 
AEMFC. The Pd-Cu/Vulcan was used as cathode catalyst with Pd loading at 0.58 
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mgPd/cm2 and Pt-Ru/C was applied as anode catalyst with Pt loading at 0.45 mgPt/cm2. 
The cell was operated at 60 °C fed with H2/Air at 87% RH at the anode and 75% RH at 
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catalyst was subjected to continuous operation in an AEMFC set at 0.6 V for 30h.  0.6 V 
was selected to ensure that the current density was maintained high enough to limit 
membrane dry out from the lower RH gases and carbonation. As shown in Figure 4.8e, 
the Pd-Cu/Vulcan AEMFC only showed around 11% performance loss over 30 h. The 
performance loss mainly resulted from decreased membrane water, which is shown by a 
9% increase in the high frequency resistance (HFR), Figure 4.8f. 
 
4.4 Conclusion 
In this work, Pd-Cu bimetallic nanoparticles supported on Vulcan XC-72R carbon 
was synthesized by a solvothermal method. The Pd-Cu/Vulcan was characterized both 
physically and electrochemically. TEM revealed a uniform coverage of Pd-Cu 
nanoparticles on the Vulcan, while a combination of XRD and XPS showed primarily a 
B2-type highly metallic alloy.  Ex-situ RDE and in-situ AEMFC experiments showed 
that Pd-Cu/Vulcan has higher ORR activity than Pt/C with impressive stability.  A 5 cm2 
active area AEMFC with our Pd-Cu/Vulcan catalyst at the cathode and a commercial 
PtRu/C at the anode was able to achieve a peak power density of 1100 mW/cm2 under 
H2/O2 flow and 700 mW/cm2 under H2/Air flow.  This work demonstrates the feasibility 














N-DOPED CARBON COOX NANOHYBRIDS: A PRECIOUS METAL FREE 
CATHODE THAT EXCEEDS 1.0 W/CM2 IN ANION-EXCHANGE MEMBRANE 
FUEL CELLS  
5.1 Introduction 
The purpose of this work is to develop a highly active and durable PM-free 
catalyst that can be applied to AEMFC to achieve high in-cell performance. Here, we 
report the synthesis and excellent properties of a well-defined 2D, planar structured ORR 
electrocatalyst with cobalt oxide (CoOx) embedded into a casing of nitrogen-doped 
graphitic carbon, denoted as N-C-CoOx.  The N-C-CoOx was fabricated via a facile, 
scalable heat treatment in a NaCl template, which simultaneously decomposed glucose, 
cobalt nitrate and ethylenediaminetetraacetic acid (EDTA) at 700 °C.  The NaCl template 
was chosen because it provides a thermally stable supporting surface that is inexpensive 
and easy to recycle. Glucose was used as the carbon source because it is known to form 
graphitic carbon at relatively low temperature, below 750 °C, [82] which helps to avoid 
significant loss of nitrogen from the EDTA during calcination.  An illustration of the 
synthesis process is provided in Figure 5.1, and the synthesis details are provided in the 
Supporting Information.  This work was published in the journal of Angewandte Chemie 






Figure 5.1 Schematic illustration of the synthesis procedure to create the nitrogen-doped 
















5.2 Experimental section 
5.2.1 Electrocatalyst synthesis 
Synthesis of N-C-CoOx  As illustrated in Figure 5.1 of the primary manuscript: 
0.439 g of Co(NO3)2-6H2O, 0.25 g of glucose, 80 mg of EDTA-2Na and 15 g of NaCl 
were dissolved in mixed solvent of methanol (10 mL) and H2O (10 mL) in a 80 mL 
beaker. The mixture was heated at 90 °C with string rate of 600 rpm until it was entirely 
dry, during which, the formed Co-EDTA-glucose complex was coated on surface of NaCl 
crystal. [173] After that, the mixture was ground in a mortar to very fine powders 
followed by direct calcination at 700° C under N2 with ramp rate of 6 °C/min for 3 h. As 
a result, the metal organic complex on NaCl surface was converted to nitrogen-doped 
carbon CoOx nanohybrids (N-C-CoOx) with uniform thickness of graphitic carbon 
nanosheets. This strategy enabled the protection of active sites by embedding CoOx into 
graphitic carbon framework to prevent interparticle agglomeration and meal dissolution 
during fuel cell operation. Besides, the graphitic carbon nanosheets would help provide 
higher electronic conductivity compared to pure metal oxides catalyst when applied in 
CL. The calcinated mixture was washed with mixed solvent of DI water and methanol 
(4:1) to remove NaCl and precipitated by centrifugation at 4500 rpm. Finally, the 




Synthesis of C-CoOx : The C-CoOx sample was synthesized using the same 




Synthesis of SA-Co-N-C:   The N-C-CoOx-acid treated sample was prepared by 
soaking N-C-CoOx sample in aqueous 1M H2SO4 for 24 h and then washed with DI water 
and dried at 60 °C before electrochemical measurements.  
 
Synthesis of CoOx:  The CoOx was synthesized using the same procedure as N-C-CoOx 
without adding EDTA 2Na and glucose. 
 
Synthesis of N-C:   The N-C was synthesized using the same procedure as N-C-CoOx 
without adding metal precursor.  
 
5.2.2 Material characterization and analysis 
 X-ray diffraction (XRD) patterns were obtained using Rigku MiniFlex II 
equipped with a high sensitivity D/tex Ultra Si slit detector. Data was collected from 20 
to 90° at a scan rate of 0.0285°/s with a step size of 0.02° and a CuKα radiation source (λ 
= 0.1540562 nm) operated at 30 mA and 15 kV. The N-C-CoOx as well GDEs surface 
morphology was imaged with a Zeiss Ultra plus field emission scanning electron 
microscope (FESEM). Transmission electron microscope (TEM) and scanning 
transmission electron microscope images were acquired on a FEI Talos S/TEM. The 
metal oxide content was determined by thermal gravimetric analysis (TGA) with a 
NETZSCH STA 449. The sample was firstly baked at 120 °C under N2 to remove 
moisture and then heated in air at ramp rate of 10 °C/min to 1000 °C with a subsequent 
hold at this temperature for 30 min. 
X-ray photoelectron spectroscopy (XPS) measurements were performed using a 
Kratos AXIS Ultra DLD XPS system with a monochromatic AlKα source operated at 15 
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keV and 150 W, and a hemispherical energy analyzer. The X-rays were incident at an 
angle of 45° with respect to the surface normal. The analysis was performed at a pressure 
below 10−9 mbar. Pass energy of 40 eV was employed to analyze high-resolution core-
level spectra were measured with, and analysis of the data was carried out using 
XPSPEAK41 software.  The high-resolution Co 2P spectra (Figure 5.2a) could be de-
convoluted into two doublets with 57 % of Co3+ and 43 % of Co2+, indicating a mixed 
oxidation state of Co, [174,175] which corresponds well with the XRD pattern (Figure 
5.3). The chemical bonding states of N (Figure 5.3b) are comprised of pyridinic N (398.3 
eV), graphitic N (400.6 eV) and N-oxide (404.2 eV), with dominate pyridinic and 
graphitic N species (28.6 % and 62.2 %, respectively), which were believed to be 
favorable for electrocatalysis of ORR. [80] The high-resolution C1s and O1s spectra 
shows that the amount of carbon-oxygen species are up to 11.7 % (Figure 5.3c, 5.3d, 
Table 5.1), which have been shown to be important for ORR in alkaline media due to the 
formation of defects within graphene network. [176] 
 
5.2.3 Electrochemical measurements 
Electrochemical measurements were conducted on a thin film rotating disk 
electrode (RDE) in a custom three-electrode cell (Adams & Chittenden Scientific Glass) 
using a platinum mesh as the counter electrode and a double junction Ag/AgCl reference 
electrode (Pine Research Instrumentation, 4 M aqueous KCL internal solution). Cyclic 
voltammograms and ORR polarization curves were recorded using an Autolab 
PGSTA302N potentiostat. The working electrode was prepared on a glassy carbon disk 
electrode (geometric area: 0.1962 cm2; Pine Research Instrumentation) by dropping 18.5 
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µL of a catalyst ink with the following composition onto the electrode: 11 mg of non-
PGM catalyst, 7.6 mL of IPA, 2.4 mL of DI water, and 50 µL of 5 % Nafion ionomer 
dispersion (DuPont). As for Pt/C (BASF, 50%) control, The working electrode was 
prepared on a glassy carbon disk electrode by dropping 13 µL of a catalyst ink with the 
following composition onto the electrode: 7.6 mg catalyst, 7.6 mL IPA, 2.4 mL DI water 
and 20 µL 5% Nafion ionomer dispersion (DuPont). The film was dried on a leveled, 
inverted rotator at 700 rpm at room temperature. Prior to thin-film deposition, the glassy 
carbon electrodes were polished with a 0.05 mm alumina suspension and carefully 
washed with 18.2 MΩ cm Millipore ultrapure water (UPW) and dried in air for 20 min. 
The catalyst loading on the glassy carbon were approximately kept at 0.11 mg/cm2. The 
three-electrode cell was washed using UPW water and aqueous 0.1 M KOH (10 and 5 × 
before use, respectively). 















                                                            𝐵 = 0.62𝑛𝐹𝐶!(𝐷!)!/!𝜈!!/! 
where j is the measured current density, jK is the kinetic current density, jL is the mass 
transport limiting current density, 𝜔 is the angular velocity of the disk, F is Faraday 
Constant (96485C/mol), Co is the bulk concentration of O2 in 0.1 M KOH at room 
temperature (1.2 × 10-6 mol/cm3), Do is the diffusion coefficient of O2 in 0.1 M KOH at 
room temperature (1.9 × 10-5 cm2/s), 𝜐 is the kinematic viscosity for 0.1 M KOH (0.01 
cm2/s).  
 
Rotating ring-disk electrode (RRDE) measurements were conducted in the same 
RDE setup as mentioned above. The disk electrode was rotated at 1600 rpm with scan 
	  
115 
rate of 10 mV/s. The ring electrode potential was set to 1.1 V vs. RHE. The hydrogen 
peroxide yield (%H2O2) and electron transfer number (n) were calculated by the 
following equations: 













where id and ir are the disk and ring current densities, N is the ring H2O2 collection 
efficiency, which is 37 %. 
 
5.2.4 GDE fabrication and AEMFC testing 
 Prior to formulation of the catalyst ink, an ETFE-g-poly(VBTMAC) powder 
anionomer (IEC = 1.24 ± 0.06 mmol/g) [78] was first ground with a well-cleaned mortar 
and pestle for 10 min to reduce the number of aggregated particles. Next, the catalyst and 
1 mL of UPW water was added to the ground anionomer and ground for an additional 10 
min until a visually homogeneous catalyst slurry was formed. The ETFE powder mass 
comprised of 20 % of the total solid mass of all of the catalyst layers (CLs) in this paper. 
After the slurry was homogenized, 1.5 mL of isopropanol was added into the mortar 
followed by another 5 min grinding. A final 5 mL of isopropanol was added to the mortar 
and the final ink mixture was transferred to a PTFE- lined vial and sonicated for 1 hour in 
ice bath. The prepared ink was then sprayed onto the GDL (Toray 60, 5% PTFE) using an 
air-assisted sprayer (Iwata) to fabricate GDEs. A Pt-Ru catalyst (Alfa Aesar HiSPEC 
10000, Pt nominally 40%wt., and Ru, nominally 20%wt., supported on Vulcan XC-72R 
carbon) was used at the anode. Both the anode, cathode GDEs and membrane were 
hydrated in DI water for 20 min and then soaked three times in aqueous 1.0 M KOH to 
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remove impurities and ion exchange the quaternary ammonium hydroxide groups before 
cell assembly.  
 AEMFCs with 5 cm2 active area were assembled in single cell hardware with a 
single channel serpentine flow field. The Anion Exchange Membranes (AEMs) used in 
this work were a radiation-grafted low-density polyethylene (LDPE) film (25 µm, 
IEC=2.87 ± 0.05 mmol g-1) with a covalently-bound benzyltrimethylammonium (BTMA) 
cationic head-groups. [73] The average thickness of anode and cathode were measured to 
be 216 and 270 µm, respectively. Thus, 152 and 203 µm Teflon gaskets were used on 
anode and cathode, respectively to keep the pinch around 25 % of the total GDE 
thickness. The AEMFCs were tested on a Scribner 850e fuel cell test station at a cell 
temperature of 60 °C under H2/O2 or H2/Air flow at 1.0 L/min. The cell was pre-operated 
at a voltage of 0.5 V for break-in and the relative humidity (RH) of both the cathode and 
anode was adjusted to help the cell to be operated at optimal conditions. 
 
5.2.5 Low PGM AEMFC electrodes fabrication 
In our case, the cathodes were the N-C-CoOx electrodes. Anodes were fabricated 
using a different procedure from normal loading anodes. This low PGM loading anode 
was firstly sprayed with a layer of micro porous layer (MPL) with composition of Vulcan 
carbon and ETFE ionomer (ionomer:Vulcan = 0.417:1 wt. ratio) to avoid electrocatalyst 
penetrated into GDL and enhance anode water capacity. The carbon loading in MPL 
layer was kept around 0.20 mg/cm2.  After that, a catalyst ink (comprised of 20 mg of 
PtRu/C, 100 mg of Vulcan carbon and 45 mg of ETFE ionomer) was sprayed onto MPL. 
The PGM loading was calculated by mass difference before and after spraying.  
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5.3 Results and Discussion  
 
 The resulting catalyst was comprised of 75 wt. % CoOx (determined by 
thermogravimetric analysis, Figure 5.4), 2 % nitrogen (determined by x-ray photoelectron 
spectroscopy, XPS, Figure 5.2 and Table 5.1) and the balance carbon.  The x-ray 
diffraction pattern for N-C-CoOx is shown in Figure 5.3. The broad peak observed at 23.5° 
can be attributed to the graphite (002) reflection from the carbon. [177] The diffraction 
peaks at 31.32°, 36.64°, 38.84°, 44.86°, 59.22°, 65.28° and 69.54° can be assigned to the 
(220), (311), (222), (400), (511), (440) and (442) reflections for Co3O4 (JCPDS card no. 
43-1003), and the diffraction peaks at 61.62° and 77.60° can be assigned to the (220) and 
(222) reflections in CoO (JCPDS card no. 43-1004), suggesting that a mixed phase oxide 
was created during synthesis. The morphology and microstructure of the N-C-CoOx 
catalyst were probed through scanning electron microscopy (SEM), transmission electron 
microscopy (TEM) and scanning transmission electron microscopy (STEM). SEM 
images of N-C-CoOx (Figure 5.5 a, b, c) showed planar, thin (20 – 50 nm) carbon 
nanosheets with embedded CoOx nanoparticles (Figure 5.5d). To show the importance of 
EDTA in forming the 2D nanostructure, the synthesis procedure was performed in the 
absence of EDTA, and though the resulting C-CoOx catalyst still exhibited an embedded 






































































Table 5.1 Element quantification of the surface of the C-C-Ox and N-C-CoOx. 
 C N O Co 
Mass % 37.3 1.4 17.2 44.1 
































































The carbon nanosheet structure was further investigated by TEM.  Lower 
resolution TEM images (Figure 5.7a, b) confirmed the 2D planar structure with densely 
packed CoOx particles. Higher resolution images (Figure 2c) clearly showed that the 
CoOx particles were surrounded by thin, onion-like carbon layers within the 2D carbon 
nanosheets. Elemental mapping by energy dispersive x-ray spectroscopy (EDS) showed 
that the Co, O, N and C elements were uniformly distributed over the sampled area 
(Figure 5.7d-h). Overlaying the Co and C signals (Figure 5.7i) also clearly showed that 
the CoOx nanoparticles were confined in the N-C matrix. This structure allows for the 
broad distribution and high density of reactive metal-nitrogen moieties.  
The electrocatalytic activity of the N-C-CoOx catalyst was evaluated by cyclic 
voltammetry (CV) and RDE measurements in O2-saturated 0.1 M KOH solution, and 
compared to control materials that were: i) CoOx embedded in N-free carbon (C-CoOx); ii) 
raw CoOx without any encapsulation (CoOx); iii) sulfuric acid treated N-C-CoOx (leaving 
elemental Co at the N-C sites, but removing bulk CoOx), denoted as SA-Co-N-C; and iv) 
N-C prepared without any CoOx. As shown in Figure 5.8, all three components of the N-
C-CoOx catalyst was necessary to achieve high activity.  Increased activity was shown 
not only by the more positive position of the ORR cathodic peaks in the CV in Figure 
5.8a, [68] but by more positive half wave and onset potentials in the RDE 
voltammograms (Figure 5.8b).  In the RDE environment, CoOx showed the lowest ORR 
activity, though after the CoOx was coated with carbon (C-CoOx) the charge transfer 
resistance was significantly decreased (Figure 5.9), which resulted in considerably 





Figure 5.7 Morphology and elemental distribution of N-C-CoOx. a-b) Bright field TEM 
images at different magnification showing a 2D planar structure with densely packed 
CoOx nanoparticles; c) HRTEM images showing CoOx embedded in the N-C matrix; d) 
HAADF-STEM of the 2D N-C-CoOx nanosheet; and corresponding e) Co, f) O, g) N, and 
h) C elemental maps; i) overlaid elemental maps for Co and C showing that the CoOx 










After the inclusion of N in the carbon matrix, the N-C-CoOx catalyst showed the 
highest activity – with the highest half-wave (0.84 V vs. RHE) and on-set (1.01 V vs. 
RHE, Figure 5.8b) potentials – and the lowest Tafel slope (62 mV dec-1, Figure 5.8c) – 
very promising results. Even when compared to commercial Pt/C (BASF, 50%), the 
highest performing ORR catalyst in AEMFCs, the N-C-CoOx performed very well.  In 
fact, the N-C-CoOx half-wave potential was only ~ 20 mV more negative than Pt/C, 
making N-C-CoOx one of the most active PGM-free electrocatalysts reported in the 
literature to date. [69,71,178,179]  
The ORR mechanism on N-C-CoOx was further investigated by rotating ring disk 
electrode (RRDE) voltammetry at several rotation rates between 400-2500 rpm (Figure 
5.8d) and performing a Koutecky-Levich analysis. [180] The Koutecky-Levich plots 
from the RRDE disk are shown in Figure 5.8e, and the peroxide yield from the ring is 
shown in Figure 5.8f.  The average number of electrons transferred (n) was 3.9 and the 
HO2- yield was stable at ca. 3% over the entire potential window of interest (0.30 - 0.80 V 
vs. RHE). Thus, the overwhelmingly dominant ORR mechanism on the N-C-CoOx 
catalyst is the four-electron (4e-) reduction of O2, with the first electron transfer being the 
rate-determining step. The combination of high activity, low production of unwanted 
peroxide, and its high surface area and open structure make N-C-CoOx and ideal 
candidate material for the AEMFC cathode.   
Next, the N-C-CoOx catalysts were mixed with ETFE solid powder ionomers, 
[181] dispersed in solvent and sprayed onto gas diffusion layers to create PM-free gas 
diffusion electrodes (GDEs). [76] SEM images of the GDEs (Figure 5.10a, b) showed a 




Figure 5.8 a) Cyclic voltammograms for N-C-CoOx, C-CoOx, CoOx, SA-Co-N-C and N-
C  in 0.1 M O2-saturated KOH electrolyte at scan rate of 10 mV s-1 at room temperature; 
b) ORR polarization curves for N-C-CoOx, C-CoOx, CoOx, SA-Co-N-C, N-C in 0.1 M 
O2-saturated KOH at scan rate of 5 mV s-1 at 1600 rpm; c) Tafel plots for N-C-CoOx, C-
CoOx, SA-Co-N-C and N-C, determined by mass-transport correction of the 1600 rpm 
RDE data; d) ORR polarization curves for N-C-CoOx at different rotation rates; e) 
Koutecky-Levich (KL) plots for the ORR on N-C-CoOx at different potentials; f) Number 
of electrons (n) transferred per O2 molecule and hydrogen peroxide yield on the N-C-





Figure 5.9 Nyquist plots of the N-C-CoOx, C-CoOx and CoOx. EIS frequency range was 
10 kHz to 0.1 Hz. Data were taken in O2-purged aqueous 0.1 M KOH under open circuit 










Figure 5.10 (a), (b) SEM images of the cathode GDE with N-C-CoOx catalyst under 
different magnifications; (c) SEM images showing the ETFE ionomer was wrapped by 
















architecture, which is highly beneficial to operando reactant and product mass transfer. 
[58] Energy-dispersive X-ray spectroscopy (Figure 5.10d) clearly showed that the 
ionomer was well integrated with the catalyst (Figure 5.10c), which suggests that these 
electrodes are likely to have a well-formed triple-phase boundary in operating AEMFCs. 
The cathode GDEs were used to construct lab-scale, single-cell AEMFCs that 
could be used to test the in-situ N-C-CoOx activity and stability under realistic operating 
conditions.  The membrane used in this work was low-density polyethylene (LDPE) (25 
µm, IEC=2.87 ± 0.05 mmol g-1) with covalently-bound benzyltrimethylammonium 
(BTMA) cationic head-groups. [73] First, the operating AEMFCs were fed with pure H2 
and O2 reacting gases, where a few important observations were made.  First, the N-C-
CoOx catalyst was able to achieve very high kinetic current in the operating AEMFC, 100 
mA cm-2 at 0.85 V.  This in-cell kinetic behavior compares extremely well to the existing 
state-of-the-art in both AEMFCs [65,69,182] (Figure 5.11a) and PEMFCs [183,184] 
(Figure 5.11c), even though many of the previous works were done at higher temperature 
(particularly PEMFC).  Second, the N-C-CoOx cathode was able to achieve a mass 
transport limited current density of 3 A cm-2 and a maximum power density of 1.05 W 
cm-2 (Figure 5.12a)– both of which are the highest reported values for a PM-free cathode 
in AEMFCs to date (Table 5.2, Figure 5.13). [50,59,65,69,80,182,185–188]  Such high 
power density and achievable current density shows that the reported catalyst, integrated 
with the ionomer, enabled the creation of catalyst layers that: i) have much lower mass 
transport resistance than previous PM-free cathodes in operating AEMFCs; and ii) are 
competitive with PM-free PEMFC cathodes.  Third, by surpassing the 1.0 W cm-2 
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threshold, this is the first PM-free electrode that can compete with state-of-the-art Pt/C 
cathodes in operating AEMFCs. 
To further explore its feasibility for commercial use, the behavior of the N-C-
CoOx GDE was evaluated under several additional conditions.  First, air (CO2-free) was 
used as the oxidant, and the N-C-CoOx GDE was able to support a mass transport limited 
current of 2.5 A cm-2 and achieve a peak power density of 0.66 W cm-2.  Second, the total 
PGM loading of the MEA was reduced to 0.10 mgPtRu cm-2 (which is below the DOE 
target of 0.125 mgPtRu cm-2) by coupling the N-C-CoOx GDE with a thin PtRu/C anode 
GDE.[185] This very low PGM-loading cell was able to support high peak power density 
of 0.73 W cm-2 under H2/O2 reacting gases, equating to a remarkable specific power 
output of 7.4 W mg-1PGM – the highest of any AEMFC to date (Figure 5.13).   
Despite the high performance, an obvious limiting factor in this cell was water 
management, which is gaining attention as a critical consideration for AEMFC 
performance and durability, [58,59] which is indicated by the small difference in 
performance under O2 and air feeds as well as the curvature of the polarization curve at 
high current densities. Finally, the N-C-CoOx GDEs were subjected to short-term 
stability testing under both H2/air (Figure 5.12c) at 600 mA cm−2 and H2/O2 (Figure 5.14) 
at 300 mA cm−2.  Under H2/air reacting gas flows, the cell showed promising short-term 
stability, with a small voltage loss (ca. 15%) over the 100 h experiment.  After the 
durability test, the most significant change was in the mass transport regime where the 
mass transport limited current was surprisingly reduced by 40%, which will have to be 
investigated further in future work.  Operating under H2/O2 reacting gas flows, the cell 
also did not see significant degradation over 70 hours, though adequate water 
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management was unfortunately not achieved, indicated by spikes in the cell voltage that 
are most likely due to the accumulation and quick release of water within the low loading, 
hence thin, anode. 
After AEMFC stability testing, the cell was disassembled and post-tested N-C-
CoOx was collected by abrasive removal from the CL and subjected to TEM to examine 
the evolution in its morphology during testing and to evaluate possible degradation 
mechanisms.  As shown in Figure 5.15, an overwhelming majority of the N-C-CoOx was 
able to preserve its 2D nanosheet structure (Figure 5.15 a, b) with embedded CoOx 
(Figure 5.15 c, d), providing evidence for excellent operando stability for this cathode. 
There is also no obvious inter-particle agglomeration between CoOx particles. However, 
a small amount of cobalt oxide dissolution was observed, which resulted in the formation 
of void spaces in the N-containing carbon, and hence there was also evidence of cobalt 
re-deposition (and re-oxidization) in weak affiliation with the N-C (Figure 5.16 a-c). 
However, it should be noted that the N-C was very stable (Figure 5.16 d-f), and an 
overwhelming majority of the CoOx remained embedded in the N-C matrix. In 
combination, the ex-situ RDE and operando AEMFC performance and stability of the N-
C-CoOx catalyst represents a promising new pathway to creating high performing PM-
free catalysts for AEMFCs and other electrochemical devices. 
 
5.4 Conclusion 
 In conclusion, a facile, low cost and scalable method was used to fabricate a 
highly active and stable N-C-CoOx catalyst, which was comprised of CoOx nanoparticles 




Figure 5.11 Comparison of single cell performance and kinetic region (inset) between 
this work and state of the art non-PGM cathode fuel cell work. a), b) i-V curves and i-
power density curves between this work and non-PM cathode FU[65], Fe/N/C 
nanotubes[69] and CNT/PC[182] in AEMFC; c), d) i-V curves and i-power density 
curves between this work and (CM+PANI)-Fe-C[184], (Fe,Co)/N-C[183] in PEMFC. 
The result indicated that the N-C-CoOx still exhibited better kinetic region and mass 
transport region than all of the non-PGM cathodes compared in AEMFC. Even compared 
to state of the art non-PGM cathodes in PEMFC using Nafion as membrane and 
electrolyte. The N-C-CoOx also showed superiority in the kinetic region and comparably 






Figure 5.12 AEMFC performance and stability with N-C-CoOx cathodes.  a) Polarization 
curves and power densities as a function of current density for H2-O2 and H2-air (CO2-
free) fuel cells; cathode: 2.4 mg cm-2 of N-C-CoOx, 0.08 MPa backpressure; anode: 0.70 
mg cm-2 of PtRu, 0.12 MPa backpressure; Tcell = 65 °C (data presented without iR-
correction).  Polarization curves and power densities for H2-O2 and H2-air (CO2-free) fuel 
cells with a very low PGM-loading anode; cathode: 2.4 mg cm-2 of N-C-CoOx, 0.09 MPa 
backpressure; anode: 0.10 mg cm-2 of PtRu, 0.1 MPa backpressure; Tcell=65 °C (data 
presented without iR-correction). c) Stability of H2/air (CO2-free) AEMFC operating at 
600 mA cm-2; cathode: 2.4 mg cm-2 of N-C-CoOx, 0.2 MPa backpressure; anode: 0.70 mg 
cm-2 of PtRu, 0.2 MPa backpressure (data presented with iR-correction). The membrane 
in this work was a LDPE-BTMA AEM (IEC=2.87 ± 0.05 mmol g-1)[73] and the ionomer 








Figure 5.13 Comparison of specific peak power (W/PGM loading) between different 































Table 5.2 AEMFC performance comparison with one side using non-PGM 
electrocatalysts and state of art PGM work. 
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Figure 5.14 Stability testing at 300 mA/cm2 under H2/O2 with Cathode: 2.4 mg/cm2 of N-
C-CoOx; 0.09 MPa backpressure; anode: 0.10 mg/cm2 of PtRu; 0.1 MPa backpressure. 
Due to fact that this anode had a PGM loadng of only 0.10 mgPtRu/cm-2, the electrode was 
more sensitive to flooding than high loading anodes (0.70 mgPtRu/cm-2). The bouncing of 
cell voltage between 0.65 to 0.75 V was most likely due to anode flooding and quick 
release of flooding. After 70 h running, the cell experienced less than 10 % peak-to-peak 













Figure 5.15 Morphology of N-C-CoOx after stability testing: a), b), c) and d) Bright field 
TEM images at different magnifications; e), f) HRTEM images showing CoOx embedded 






Figure 5.16 a) HAADF of N-C-CoOx after stability testing; b), c), d) e) correspond to the 

















very high ex situ ORR activity, which was translated into an operating anion-exchange 
membrane fuel cell (AEMFC) where the catalyst was able to achieve a high in-situ 
activity of 100 mA cm-2 at cell voltage of 0.85 V.  Additionally, when combined with the 
ionomer in operating AEMFCs, the N-C-CoOx cathode was able to support a peak power 
density of 1.05 W cm-2 – unprecedented for a precious-metal-(PM)-free AEMFC 
electrode.  AEMFCs were also prepared where the N-C-CoOx cathode was paired with a 
very low PGM anode with a PtRu loading of 0.10 mg cm-2, and the cells were able to 
achieve a new record for specific power: 7.4 W mg-1PGM.  The N-C-CoOx catalyst also 
showed excellent stability over 100 h of operation.  These results not only significantly 
narrow the gap between high performing PGM and PM-free ORR GDEs, but also point 
to the promise of AEMFCs as a low-cost alternative to PEMFCs for both stationary and 
















HIGH PERFORMING PGM-FREE AEMFC CATHODES FROM CARBON-
SUPPORTED COBALT FERRITE NANOPARTICLES 
 
6.1 Introduction 
The purpose of this work is to develop a highly active non-PGM catalyst at very 
low temperature through the solvothermal synthesis of cobalt ferrite nanoparticles 
supported by Vulcan carbon (CF-VC), which is an easily scalable approach. CF particles 
were targeted because it is believed that their magnetic nature would facilitate the 
magneto hydrodynamic movement of the reactants, resulting in high ORR activity. [88] 
The CF-VC catalyst was first characterized through a combination of imaging and x-ray 
diffraction (XRD).  The catalyst was then deposited onto a rotating disk electrode (RDE) 
where its activity was probed ex-situ.  Next, the catalyst was integrated with a powder 
ionomer [181] to create gas-diffusion electrodes and tested for their ORR performance in 
operating AEMFCs.  This work was published in the journal of Catalysts. [189] 
6.2 Experimental section 
 
6.2.1 Chemicals 
 Iron(II) acetate and cobalt(II) acetate tetrahydrate were purchased from Sigma-
Aldrich. Absolute ethanol and isopropyl alcohol were purchased from Thomas Baker and 
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were used without any further purification. Deionized (DI) water was produced by a 
Millipore Milli-Q unit. 
 
6.2.2 Synthesis of the Cobalt Ferrite (CF) Nanoparticles 
 For the synthesis of the cobalt ferrite nanoparticles, cobalt acetate and iron 
acetate salts were dissolved in a 1:2 ratio in a solution of 1:1 water-ethanol.  50 mL of the 
resulting solution was placed in a 100 mL autoclave, which was maintained at a 
temperature of 130 oC for 12 h.  A solid precipitate was obtained and separated from the 
solution supernatant by centrifugation.  The solid was washed with a copious amount of 
ethanol. The sample was dried at 60 oC and the resulting cobalt ferrite (CF) nanoparticles 
[12] were used without any further treatment.    
 
6.2.3 Synthesis of the Cobalt Ferrite/ Vulcan Carbon (CF-VC) Catalyst  
CF nanoparticles were first dispersed in a 3:2 water-IPA solution. Then, Vulcan 
XC-72R carbon was added to the dispersion (1:1 ratio of CF and Vulcan carbon by 
weight) and dispersed by sonication for 1 h. After this ensured that the CF and Vulcan 
carbon were well mixed, the solvent was evaporated and the solids were annealed at 150 
oC for 12 h in air atmosphere.  
 
6.2.4 Glassy Carbon RDE Ink Preparation and Deposition  
10 mg of the catalyst was dispersed in 1 ml of a water-IPA solution (3:2) followed 
by the addition of 40 µl of 5% Nafion dispersion. 10 µl of the resulting ink was placed 
onto a glassy carbon RDE and dried under an IR lamp.   
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6.2.5 Material Characterizations  
Transmission electron microscopy (TEM) was performed using a FEI TECHNI 
G2 F20 instrument. The instrument was operated at 200 kV and has a resolution of 1.7 Å 
(Cs =0.6 mm).  Before TEM analysis, samples were drop coated over the Cu grid and 
dried under IR lamp. The powder x-ray diffraction analysis was performed with a PAN 
analytical X’pert Pro instrument equipped with Cu Kα (λ= 1.54 Å) X-ray source. The 
samples were scanned for 30 min between 10 and 80 degrees (2θ). X-ray photoelectron 
spectroscopy (XPS) was performed with a Thermo Fisher Scientific instrument (Model: 
K ALPHA+) equipped with Mg Kα X-ray source (hν= 1.2356 keV). All of the RDE 
electrochemical studies were done using a Biologic VMp3 instrument.  
 
6.2.6 Koutecky-Levich Analysis   















𝐵 = 0.62𝑛𝐹𝐶!(𝐷!)!/!𝜈!!/! 
where j is the measured current density, jK is the kinetic current density, jL is the mass 
transport limiting current density, 𝜔 is the angular velocity of the disk, F is Faraday’s 
Constant (96485.3 C/mol), Co is the bulk concentration of O2 in 0.1 M KOH at room 
temperature (1.2 × 10-6 mol/cm3), Do is the diffusion coefficient of O2 in 0.1 M KOH at 




Rotating ring-disk electrode (RRDE) measurements were conducted in the same 
RDE setup as mentioned above. The disk electrode was rotated at 1600 rpm with scan 
rate of 10 mV/s. The ring electrode potential was set to 1.1 V vs. RHE. The hydrogen 
peroxide yield (%H2O2) and electron transfer number (n) were calculated by the 
following equations: 













where id and ir are the disk and ring current densities, N is the ring H2O2 collection 
efficiency, which is 37 %. 
 
6.2.7 GDE fabrication and AEMFC testing 
Prior to formulation of the catalyst ink, an ETFE-g-poly(VBTMAC) powder 
anionomer (IEC = 1.24 ± 0.06 mmol/g) [78] was first ground with a well-cleaned mortar 
and pestle for 10 min to reduce the number of aggregated particles. Next, the catalyst and 
1 mL of DI water was added to the ground anionomer and ground for an additional 10 
min until a visually homogeneous catalyst slurry was formed. The ETFE powder mass 
comprised 20 % of the total solid mass of all of the catalyst layers (CLs) in this study. 
After the slurry was homogenized, 1.5 mL of isopropanol was added into the mortar 
followed by another 5 min grinding. A final 5 mL of isopropanol was added to the mortar 
and the final ink mixture was transferred to a PTFE- lined vial and sonicated for 1 hour in 
ice bath. The prepared ink was then sprayed onto the GDL (Toray 60, 5% PTFE) using an 
air-assisted sprayer (Iwata Eclipse HP CS dual action airbrush gun) to fabricate GDEs. A 
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Pt-Ru catalyst (Alfa Aesar HiSPEC 10000, Pt nominally 40%wt., and Ru, nominally 
20%wt., supported on Vulcan XC-72R carbon) was used at the anode. Both the anode, 
cathode GDEs and membrane were hydrated in DI water for 20 min and then soaked 
three times in aqueous 1.0 M KOH to remove impurities and ion exchange the quaternary 
ammonium hydroxide groups before cell assembly.  
 AEMFCs with 5 cm2 active area were assembled in single cell hardware with a 
single channel serpentine flow field. The anion exchange membranes used in this work 
were radiation-grafted polyethylene-based films with a covalently-bound 
benzyltrimethylammonium (BTMA) cationic head-groups (25 µm, IEC=2.44 ± 0.04 
mmol g-1). The development of this class of AEM was first reported in 2017. [73] The 
average thickness of anode and cathode were measured to be 216 and 270 µm, 
respectively. Thus, 152 and 203 µm Teflon gaskets were used on anode and cathode, 
respectively to keep the pinch around 25 % of the total GDE thickness. The AEMFCs 
were tested using a Scribner 850e fuel cell test station at a cell temperature of 65 °C 
under H2/O2 or H2/Air flow at 1.0 L/min. The cell was broken in at a voltage of 0.5 V and 
the relative humidity (RH) of both the cathode and anode were adjusted to allow the cell 
to be operated at optimal conditions. [58] 
 
6.3 Results and Discussion 
6.3.1 CF-VC physical characterization and electrochemical measurements 
The morphology, structure and size distribution of the CF nanoparticles were 
analyzed by transmission electron microscopy (TEM) and the resulting images are 
presented in Figure 6.1. The ferrite nanoparticles were spherical in structure and well 
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distributed. Because they are magnetic in nature, they are generally restricted to 
individual particles.  Hence, despite their close association, very little agglomeration was 
observed.  A magnified image of the nanoparticles is presented in Figure 6.1b and a 
corresponding line profile analysis is shown in the inset.  Careful analysis of the CF 
particles showed a d-spacing of 0.254 nm, corresponding to the (311) plane of the cobalt 
ferrite (0.252 nm). [190] The small variation in the d-spacing can be explained by oxygen 
vacancies and nanoparticle nature of the CF.  
In order to create the final catalyst, the CF nanoparticles were well mixed with 
Vulcan XC-72R carbon (50:50 wt%) and annealed at 150 oC for 12 hours.  TEM analysis 
of the final CF-VC catalyst showed two separate phases, one for cobalt ferrite 
nanoparticles and the other as Vulcan carbon (Figure 6.1c). Further, the particle size 
distribution of the CF and Vulcan carbon was determined, which are presented in Figures 
6.1d and 6.1e, respectively. The CF nanoparticles had a primary size distribution of 6-8 
nm and Vulcan carbon of 40-50 nm.  The annealing of the cobalt ferrite nanoparticles 
with Vulcan carbon provides an electrically conducting network, which allows for the 
active material to be better utilized and the apparent ORR activity to be improved. Also, 
the spherical shape of the Vulcan carbon does not allow for the extensive catalyst 





Figure 6.1 (a-b) Transmission electron microscopy (TEM) images of the cobalt ferrite 
(CF) nanoparticles at different magnification.  The inset in (b) shows a line profile 
corresponding to the (311) plane of the cobalt ferrite. (c) TEM image of the CF-VC 
catalyst showing the size and distribution of the CF and VC. (d-e) Particle size 






















Figure 6.2 Powder diffraction patterns for cobalt ferrite (CF) nanoparticles, the CF-VC 




























Powder XRD patterns for raw CF and CF-VC are presented in Figure 6.2. Being 
nanocrystalline, as observed in the TEM images, the peaks were generally broad, though 
the characteristic peak for spinel cobalt ferrite (JCPDS 22-1086) at 35.3 2θ for the (311) 
plane was well resolved. The peaks corresponding to the (400), (511) and (440) 
reflections were also clearly observed at 43.8, 57.2 and 62.8 2θ, respectively. Comparing 
the XRD pattern of the raw CF and the CF-VC catalyst, the peak intensity of each of the 
individual peaks was increased in the CF-VC catalyst, most likely due to additional heat 
treatment (a 150 oC annealing of the cobalt ferrite nanoparticles with the Vulcan carbon) 
that increased the CF crystallinity.  
 
Information regarding the catalyst surface was obtained from X-ray photoelectron 
spectroscopy (XPS), with a summary of the results presented in Figure 6.3.  Broad survey 
spectra for both CF and CF-VC, Figure 6.3a, revealed peaks corresponding to C 1s, O 1s, 
Fe 2p and Co 2p at 282.7, 531, 711.2 and 785 eV, respectively. [191] From the survey 
spectrum, it was clear that the O 1s intensity was higher for CF and the C 1s intensity was 
higher for the CF-VC catalyst.  Significant changes were observed to the oxygen binding 
environment for the CF by annealing with Vulcan carbon, which can be shown in the 
high resolution O1s spectra (Figure 6.3b). In the spectra, the OL represents the lattice 
oxygen, OV denotes oxygen vacancies and OMC signifies metal carbonates (formed during 
the solvothermal process). [192] The annealing of the CF nanoparticles decomposes the 
metal carbonates and consequently the OMC intensity decreases in the CF-VC. The 
deconvoluted spectra of the Co 2p and Fe 2p are presented in Figures 6.3c and 6.3d, 
respectively. The peaks corresponding to the Co and Fe atoms were less intense in CF-
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VC catalyst, as half of the catalyst mass is Vulcan carbon. The Co3+ and Co2+ appear at 
780.2 and 782.3 eV binding energy in the CF. The above peak positions clearly depict the 
presence of cobalt in two oxidation states (3+ and 2+) which is in accordance with the 
previous reports. [193] Similarly, in the CF-VC the Co3+ and Co2+ appear at 780.2 and 
781.8 eV. The annealing of CF with Vulcan carbon changes ratio of Co3+/Co2+, which is 
well reflected in the area occupied by the two states in the deconvoluted spectra (Figure 
3c). Additionally, the change in the oxidation state is not limited to cobalt, a significant 
change in the iron oxidation state is also noted. The Fe2+ and Fe3+ appear at 709.7 and 
710.8 eV in the CF nanocrystals. However, in the CF-VC the peak position noted is 709.8 
and 711.2 eV. The peak area and peak width of these oxidation states are mentioned in 
the Table 6.1. Moreover, the change in the oxidation state of the cobalt and iron atom 
from the XPS peak intensity and area show the structural changes in the nanocrystals. 
The Co+3/Co+2 and Fe+3/Fe+2 ratio also changed from CF to CF-VC, also a result of 
annealing. The annealing of the CF nanoparticles decomposed the surface carbonate, 
resulting in oxygen vacancies that – because of the need for crystal neutrality – lead to 
the change in oxidation state of the metal atoms.   
The intrinsic activity of the catalysts towards the oxygen reduction reaction was 
investigated electrochemically using a combination of cyclic voltammetry (CV) and 
linear sweep voltammetry (LSV) on RDEs and rotating ring disk electrodes (RRDEs). 
The electrolyte used in this work was 0.1 M KOH, and experiments were done in 





Figure 6.3 (a) XPS survey spectra for raw CF and the CF-VC catalyst. (b) Deconvoluted 
























Table 6.1 Binding energy of the cobalt and iron atoms in the XPS spectra of various 
catalysts. 
















- - 709.3 711.0 [194] 
2 Ni1-
XFeXO 
- - 710.0 711.8 [195] 
3 aer-Co-
SiO2 
- 781.5 - - [196] 
4 Co3O4/Ti
O2 
780.2 781.8 - - [193] 




































































and CF-VC clearly showed two characteristic processes at high potentials: 
pseudocapacitance from the high surface area carbon and oxygen reduction.  The CF 
catalyst showed very little overall activity for the oxygen reduction reaction, which is 
evidenced by both the low current densities in the CVs (Figure 6.4a) and the high 
peroxide yield (Figure 6.4c).  On the other hand, the CF-VC catalyst showed significantly 
improved voltammetric response.  First, the electrode capacitance was greatly enhanced 
due to the presence of the Vulcan carbon.  Second, a clear ORR peak emerged at 0.62 V 
(vs. RHE), which is likely enabled by both higher electronic conductivity (increasing 
catalyst utilization) and surface modification from the annealing step.   
Because of the enhanced voltammetric response and a clear ORR peak, the 
behavior of the CF-VC catalyst was also probed by LSV under rotation, and the results 
are shown in Figure 6.4b.  The electrode rotation is an important part of the ex-situ 
kinetic evaluation of ORR catalysts because it enables homogenous oxygen accessibility 
over the catalyst surface, removing any uncertainties in the experimental data related to 
mass transport, allowing kinetic information to be probed.  The first kinetic parameters 
that were extracted were the onset and half-wave potentials – 0.78 and 0.71 V, 
respectively.  It should be noted that these values are ca. 100mV negative of current state-
of-the-art PGM-free ORR catalysts, [68,80,179,184] though they are still very good 
relative to most PGM-free catalysts reported in the literature.  RDE data was collected at 
multiple rotation rates and a Kouteckey-Levich (K-L) analysis was performed to probe 
the reaction mechanism.  A K-L plot, which relates the inverse of the current density at 
various potentials to the square root of the rotation rate of the working electrode, 
[197,198] is shown as an inset of Figure 6.4b. The K-L plot clearly showed both linearity 
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and parallelism over a wide potential range, showing that the ORR on these materials is 
first order with respect to oxygen and have a near constant number of electrons 
transferred per oxygen atom.  The dominant pathway for the ORR on the CF-VC catalyst 
was further probed using a RRDE (Figure 6.4c and 6.4d). [10] One advantage of RRDE 
over RDE is that it is possible to quantify the amount of unwanted peroxide that forms 
from the two electron reduction of oxygen.  High peroxide yields can degrade both the 
carbon support and membrane in the real devices; hence, it is desirable to reduce the 
peroxide for device durability and to have catalysts that facilitate the complete four 
electron reduction of oxygen (n=4).  Positively, the CF-VC catalyst showed nearly a four 
electron reduction of oxygen over the entire potential window, with peroxide yields as 
low as commercial Pt/C.   
 
6.3.2 GDE morphology and AEMFC performance 
Next, the CF-VC catalysts were incorporated into gas diffusion electrodes (GDEs).  
To do this, the catalyst was mixed with poly(ethylenetetrafluoroethylene) (ETFE) solid 
powder ionomers [181] (20 wt% ionomer), dispersed in solvent and sprayed onto Toray 
60 gas diffusion layers as described in our previous publications. [58,59,76,87] The 
ETFE powders were used as the ionomer in order to create a porous electrode with facile 
product and reactant mass transport, which is important for AEMFC performance.[58]  
SEM images of the CF-VC GDEs (Figure 6.5a, b) showed a uniform distribution of 
catalyst and ionomer particles as well as a very porous architecture. The ETFE ionomer 
appeared to be very well integrated with the CF-VC catalyst (Figure 6.5c), suggesting 




Figure 6.4 (a) Cyclic voltammograms for CF nanoparticles and the CF-VC catalyst in 0.1 
M KOH solution at a sweep rate of 50 mV/s (nitrogen saturated = black; oxygen 
saturated = green and red). (b) Linear sweep voltamograms (LSV) for the CF-VC catalyst 
at various rotation rates in oxygen saturated condition of 0.1 M KOH. A K-L plot from 
the LSV data is shown as the inset in (b). (c) Percentage of peroxide formed at various 
electrode potentials for CF, CF-VC and 20% Pt/C catalyst. (d) Number of electrons 
transferred during the ORR for CF, CF-VC and 20% Pt/C as a function of electrode 









AEMFCs.  An energy-dispersive x-ray spectroscopy (EDS) elemental maps of fluorine – 
confirming the size, structure and distribution of the solid anionomer – for a typical 
catalyst-covered ionomer particle is shown in Figure 6.5d.  
The CF-VC GDEs were used as the cathode electrode in laboratory scale 5 cm2, 
single-cell AEMFCs.  The CF-VC catalyst loading on the GDE was 2.4 mgCF/cm2. The 
anode electrode consisted of a PtRu/C catalyst and ETFE ionomer (20 wt% ionomer).  
The PtRu loading on the anode was very low, only 0.07 mgPtRu/cm2.  The membrane used 
in this work was a radiation-grafted polyethylene-based film with a covalently-bound 
benzyltrimethylammonium (BTMA) cationic head-groups (25 µm, IEC=2.44 ± 0.04 
mmol g-1). The development of this class of AEM was first reported in 2017. [73] The 
operating AEMFCs were fed with pure H2 and O2 reacting gases, this CF-VC catalyst 
was able to achieve a peak power density of 1350 mW cm-2 with a peak current density 
over 4 A cm-2, ranking as the best non-PGM cathode AEMFC single cell performance 
reported in the literature so far (Figure 6.6a). [65,69,80,87,182,187] Using H2 and Air 
(CO2-free) as reacting gas, this CF-VC non-PGM cathode was also able to achieve a peak 
power density of 670 mW cm-2 (Figure 6.6b). Compared to the state-of-the-art non-PGM 
AEMFCs in the literature (Figure 6.7), [65,69,87,182] the CF-VC showed greatly 
enhanced in single cell performance – despite lower intrinsic activity. The most 
impressive metric for the CF-VC based AEMFC was its peak power density and 
maximum current density in mass transport region – the highest values reported in the 
literature to date, which was probably due to the formation of a porous electrode 
architecture created by the combination of Vulcan carbon [87] and the solid powder 




Figure 6.5 (a), (b) SEM images of the cathode GDE with CF-VF catalyst and ETFE 
powder deposited onto Toray-60 carbon paper under different magnifications; (c) SEM 
images showing the ETFE ionomer was wrapped by the CF-VF; (d) corresponding 












Figure 6.6 CF-VC AEMFC polarization curves and power density in two configurations 
operated at 70 °C. a) H2-O2 gases fed at 1L/min, RHanode=73%, RHcathode=90% without 
backpressure; b) H2-Air (CO2-free) at 1L/min; Anode: 0.7 mgPtRu cm-2, RH=76%, 0.03 
Mpa backpressure; Cathode: 2.4 mg cm-2 CF-VC, RH= 93%, 0.1 MPa backpressure., The 
membrane in this work was a polyethylene-based radiation-grafted anion exchange 
membrane (IEC = 2.44 ± 0.04  mmol g-1) and the anionomer was ETFE-BTMA 




















Figure 6.7 Comparison of single cell performance and kinetic region (inset) between this 
work and state of the art non-PGM cathode fuel cell work. a), b) i-V curves and i-power 
density curves between this work and non-PM cathode FU[65], Fe/N/C nanotubes[69], 


















 In this work, a facile solvothermal method was used to prepare a cobalt-
ferrite/Vulcan carbon (CF-VC) electrocatalyst for the oxygen reduction reaction in 
alkaline media. The CF-VC was well characterized though XRD, TEM and XPS. From 
the RDE measurements, the CF-VC showed good ex-situ activity with a half-wave 
potential of 0.71 V (vs. RHE), as well as low peroxide yield with an overwhelming 
fraction of oxygen undergoing a complete four electron reduction. In operating AEMFCs, 
the CF-VC performed excellently, generating a peak power density of 1350 mW cm-2 





















The overall objective of this thesis was to study the influence of electrode 
composition and fabrication – including both proton exchange membrane fuel cells 
(PEMFCs) and anion exchange membrane fuel cells (AEMFCs) – on performance and 
stability. This work focused on improving ORR electrocatalyst activity and durability not 
only in rotating disk electrode (RDE) experiments but also in single fuel cell testing. The 
knowledge and experience obtained in this thesis ultimately led to the improvement of 
PGM-based electrocatalysts for the ORR in PEMFCs and performance records for non-
PGM catalysts in the AEMFC cathode. 
It was demonstrated that a very low cost lab-scale catalyst coated membrane 
(CCM) fabrication system could be developed that resulted in electrodes and PEMFCs 
with superior properties to electrodes created through other methods.  The spraying 
conditions had a significant impact on the porosity and pore size distribution of the 
catalyst layer, thus, impacting the electrode kinetics and mass transport – and finally fuel 
cell performance. The CCM with fiber-type in breakup of the ink during the spraying 




In the second part of the PEMFC work, a two-phase corrosion method was 
successfully developed to create a Pt-Ni nanocage electrocatalyst. The formation of Pt-Ni 
nanocages created a unique Pt-Ni skin (~2 nm) that exhibited excellent ORR activity in 
acidic media. The ORR superiority of the Pt-Ni nanocage was mainly shown in a 25 cm2 
single cell hardware. The Pt-Ni nanocage showed much higher mass current density than 
commercial Pt/C in both the kinetic region and mass transport region. The Pt-Ni 
nanocage CCMs were also cycled from 0.6 V to 1.0 V for 30,000 cycles. The mass 
activity loss was about 58%, which was much lower than that (~81%) of commercial 
Pt/C.   
From this work, at least three new things were discovered that can influence the 
design and deposition of modern PEMFC catalyst layers has been learned:  1) during 
spraying, the type of ink break-up in the depositing jet has a significant influence on the 
electrode porosity and pore size distribution; 2) the electrode kinetics can be improved by 
creating more porous catalyst layers; and 3) nanocage-structured electrocatalysts are not 
yet able to achieve adequate stability and are not currently able to meet the PEMFC 
targets for stability set forth by the U.S. DOE – even though their activity is much higher 
than Pt/C.  
Regarding AEMFCs, this thesis mainly focused on designing non-PGM 
electrocatalysts for ORR to achieve high performing single cells with a non-PGM 
cathode. Firstly, a solid-state method was used to synthesize transition metal oxides with 
nitrogen doped carbon nanohybrids for ORR in alkaline media. It was found that a co-
existence of CoOx, nitrogen, and carbon (CoOx-N-C) could yield a very high ORR 
activity by comparing CVs and ORR polarization curves for several non-PGM materials 
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that were creating using a similar solid-state synthesis method. The in-situ activity of 
CoOx-N-C was examined in a 5 cm2 single cell. When paired with a radiation-grafted 
ETFE powder ionomer, the N-C-CoOx AEMFC cathode was able to achieve extremely 
high peak power density (1.05 W cm-2) and mass transport limited current (3 A cm-2) for 
a precious metal free electrode. The N-C-CoOx cathode also showed good stability over 
100 hours of operation with a voltage decay of only 15% at 600 mA cm-2 under H2/air 
(CO2-free) reacting gas feeds. The N-C-CoOx cathode catalyst was also paired with a 
very low loading PtRu/C anode catalyst, to create AEMFCs with a total PGM loading of 
only 0.10 mgPt-Ru cm-2 capable of achieving a specific power density of 7.4 W mg-1PGM as 
well as cell voltage of 0.63 V at current density of 0.6 A cm-2 with H2/air (CO2 free) – 
creating a cell that was able to meet the 2019 DOE initial performance target of 0.6 V at 
0.6 A cm-2 under H2/air with a PGM loading < 0.125 mg cm-2 with AEMFCs for the first 
time.  
The second catalyst that was created was comprised of cobalt ferrite (CF) 
nanoparticles supported on Vulcan XC-72 carbon (CF-VC).  The CF-VC catalyst was 
created through a facile, scalable solvothermal synthesis method. The physical properties 
of CF-VC were characterized using XRD, XPS and TEM. Though the intrinsic activity of 
the CF-VC catalyst was not as high as some other platinum group metal (PGM)-free 
catalysts in the literature, where this catalyst really shined was in operating AEMFCs. 
When used as the cathode in a single cell 5 cm-2 AEMFC, the CF-VC electrode was able 
to achieve a peak power density of 1350 mW cm-2 (iR-corrected: 1660 mW cm-2) with a 
peak current density over 4 A cm-2 operating on H2/O2.  Operating with H2/Air (CO2-free) 
reacting gases, the same cell with the CF-VC catalyst was able to achieve a peak power 
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density of 670 mW cm-2 (iR-corrected: 730 mW cm-2) with a mass transport limited 
current density over 2 A cm-2, which is among the best reported performance in the 
literature to date.  
Both of the AEMFC catalyst studies in this thesis successfully demonstrated 
improved activity and performance of non-PGM electrocatalysts. The strategies of 
developing non-PGM electrocatalysts and fabricating low anode loading electrodes can 
be used for future research as well. The primary learning points from these studies, 
regarding the design of PGM-free catalysts for AEMFCs, were: 1) N, C and the 
metal/metal oxide components are necessary to achieve high ORR activity; 2) the 
degradation of CoOx-N-C catalysts is mainly from CoOx dissolution; 3) creating highly 
porous catalyst layers is critical to achieving high performance AEMFCs with non-PGM 
catalysts deployed at the cathode; and 4) water management to promote AEMFC stability 







RECOMMENDATIONS FOR FUTURE WORK 
There are several opportunities for continued research about non-PGM 
electrocatalyst development and electrode optimization, mainly for AEMFCs. First of all, 
further work should be done to explore the stability of non-PGM catalysts in the AEMFC 
cathode. In this thesis, the performance loss of CoOx-N-C cathode in AEMFC was more 
than 10% only after 100h tested at 600 mA cm-2 under H2/air, which was at least partial 
resulted from the degradation of membrane. Since this non-PGM cathode was much 
thicker than a PGM electrode, it added higher mass transfer resistance and brought more 
challenge for water management to hydrate the membrane on the cathode side. Therefore, 
it is suggested that this non-PGM cathode could be coupled with membranes with higher 
water uptake and higher water diffusion rate. In this case, the hydration of the membrane 
and ionomer on the cathode side will rely less on gas phase water brought by the reacting 
gas stream and more on water back diffusion from anode to cathode.  If proper hydration 
is maintained, irreversible membrane degradation could be hindered and promote cell 
stability. For the CF-VC non-PGM cathode material in this thesis, even though the 
AEMFC performance was excellent, this material doesn’t possess intrinsically high ORR 
active from RDE measurements, which indicates further optimization and catalyst 
development are needed. It is likely that the ORR activity of the CF-VC could be further 
improved by reducing the particle size of the CoFeOx, as particles with smaller size 
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normally have higher catalytic activity.  There could also be improved activity with 
enhanced interaction with a N-C support, though it should be noted that it is very 
challenging to dope nitrogen into Vulcan carbon.  
Second, the development of robust non-PGM electrocatalysts for HOR has been 
stagnated compared to electrocatalysts for the ORR. In the literature, only a few Ni-based 
non-PGM materials have been reported for the HOR in alkaline media.[187,199] 
Unfortunately, the AEMFC performance when applying these Ni-based electrocatalysts 
has been very poor and has not been able to compete with PGM based anode materials. 
Thus, it is an urgent task to develop highly active and stable non-PGM electrocatalysts 
for the HOR in alkaline media. It is suggested that Ni based electrocatalysts could be 
prepared using the same solid state synthesis method introduced in this thesis, as Yan and 
co-workers pointed out that the doped nitrogen located at the interface between advanced 
carbon and nickel nanoparticle could tunes local adsorption sites of H by affecting the d-
orbitals of nickel.[199] At the same time, AEMFCs that use non-PGM materials as 
electrocatalysts for both anode and cathode should be explored, with efforts made to 
optimize electrodes in order to maximize peak power density, durability and improve 
water management. 
Thirdly, as mentioned in the Introduction of this thesis, more advanced electrodes 
need to be developed to help improve AEMFC stability. The general idea is to provide 
sufficient water for cathode and membrane hydration to avoid irreversible degradation 
while preventing anode flooding. It is suggested that more research should be conducted 
to study water dynamics under different operating conditions using in-situ techniques 
such as neutron imaging and X-ray CT imaging. To date, AEMFC research is still in its 
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early stages, and a systematic experimental study regarding how the electrode 
compositions (including the weight percentage of hydrophobic component in both side 
GDLs, the adding of microporous layers between GDL and catalyst layers, flow-field 
geometry and the weight percentage of hydrophobic component in the catalyst layers, etc.) 
impact the water management of AEMFCs has been lacking. The initial performance and 
long-term stability of AEMFCs are so sensitive to water management, which are strongly 
related to operating conditions. Therefore, operating conditions such as back pressure, 
flow rates of fuel and oxidant, and cell temperature should also be thoroughly 
investigated to understand how they impact water management and AEMFC performance. 
Since the total cell water and water distribution can change with time in an operating 
AEMFC, it will be challenging to perfectly maintain the balance of water during long-
term applications. Thus, it is strongly suggested that physics-based models need to be 
created to predict the water flux through the electrodes and AEM, based on the different 
electrode compositions, membrane chemistries and operating conditions, so that, 
programs could be made to prevent long-term test failure and achieve potential 
commercialization.  Such a model could also prove to be predictive regarding the 
properties that are needed by the catalyst and ionomeric materials.   
Fourthly, to date, the best-performing AEMFCs in the literature are still reported 
with high PGM loading in the electrodes (in the range of 0.5 – 1.2 mgPGM cm-2 of MEA), 
which are impossible to be used in commercial systems. Although the ultimate goal is to 
use PGM-free electrocatalysts, it is also unlikely to happen in the near future. So, it is an 
urgent task to bring down the PGM loading in AEMFC. Omasta and co-workers have 
done some pioneering work on strategies to reduce the PGM loading on anodes by 
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electrode composition optimization: spraying a layer of microporous layer between the 
GDL and catalyst layer, and adding Vulcan carbon to diluting PGM percentage in 
catalyst layer to maintain anode thickness and increase water capacity. [200] Even though 
they were able to reduce anode catalyst loading by 50%, the reduced PGM loading was 
still notably above the desired PGM loading for DOE target (0.125 mgPGM cm-2 of total 
MEA). In my opinion, to further bring down PGM loading in AEMFC, research should 
not only focus on optimizing electrode composition but also optimizing the interaction of 
ionomer and catalyst. So far, very little research has been done on studying how the 
catalyst and ETFE based ionomer interact with each other. From the SEM images of 
GDE surface shown in Chapters 4, 5, and 6, a good amount of catalyst actually doesn’t 
wrap the ETFE particles, and are not likely included in the triple-phase boundary. 
Therefore, they are not involved in the reaction and completely wasted. In addition, the 
wasted catalyst potentially increases the mass transport resistance for reactants and adds a 
barrier to water transport.  Thus, new methods for electrode fabrication need to be 
developed. Ideally, the method should enable majority of catalyst to be coated onto the 
ETFE ionomer surface so that catalyst utilization can be markedly improved. It is also 
suggested that the particle size and morphology of the ETFE-ionomer should be 
optimized – with my believe than an ideal embodiment would involve much smaller 
particles than the current 25 µm size.  Finally, ionomers with secondary porosity could 
also be developed to increase surface area-to-volume ratio, so that more electrochemical 
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